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Department of Biochemistry

Small heat shock proteins (sHSPs) comprise a class of ATP-independent chaperones that
prevent aggregation of destabilized proteins in the cell. The structural mechanisms by which
sHSPs complete their function remain enigmatic due to inherent properties that make them
refractory to traditional approaches in structural biology. While sHSP monomers are small (on
average 20 kDa), for certain sHSPs these monomers assemble into large homo-oligomers (~500
kDa) of variable size and shape. Structural heterogeneity is observed not only on a global scale
but also at the local level. Observed heterogeneity is thought to stem from the predominantly
disordered N-terminal region (NTR) of sHSPs. There is evidence for numerous sites on sHSPs
for interacting with client proteins, although these interactions are often transient. The
combination of transient interactions with clients, competing sHSP-client and sHSP-sHSP
interactions, and presentation of different binding sites in variable states of an oligomer make it

particularly challenging to understand structure-function relationships in sHSPs.
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The work presented in this thesis correlates local and global structural properties of the
polydisperse human sHSP HSPB1. Hydrogen-deuterium exchange mass spectrometry
(HDXMS) was used to identify solvent protected regions in the NTR of HSPB1 oligomers,
providing the first full look at the NTR of an oligomeric human sHSP. Additionally, specific
regions of local structural heterogeneity were identified in the NTR. Utilizing known mutations
that perturb inter-protomer interactions in oligomers, a dimeric, full-length form of HSPB1 was
obtained to represent a dispersed subunit of the system. The dimeric form of HSPB1 shows
altered local structure in the NTR by HDXMS relative to WT oligomers, indicating distinct
structural changes among different states of HSPB1. The dimeric construct is also amenable to
traditional NMR approaches, allowing for development of a comprehensive model of full-length
HSPB1 dimers, which still show structural heterogeneity. Disease-associated mutations in the
NTR of HSPB1 were also characterized using HDXMS and a suite of other biophysical
techniques. Specific regions in the NTR have altered protection among these disease mutants.
These disease mutations were introduced to the dimeric construct to probe each mutation’s effect
on oligomerization propensity. Interestingly, two of the disease mutations promote
oligomerization while the other two disease mutations retain some dimer-like characteristics in
the dimer-mutant context. HDXMS analysis of the disease mutants in the dimeric construct
reveals distinct local structural effects for each mutant. It is most remarkable that mutations in
the same region of HSPB1 have different local mechanistic effects, and that the subsequent
global effects on oligomeric size or chaperone activity can appear similar for certain mutants.
The methods explored in this thesis for characterizing heterogeneous structure in HSPB1 can be

implemented to other sHSPs and similarly complex protein systems.
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1. INTRODUCTION
1.1 Small heat shock proteins
1.1.1 Biological roles

For proper function, proteins must fold into their native 3-dimensional structure. Many
proteins can adopt a variety of functionally relevant structural conformations, and certain
“structures” are often highly flexible disordered states. Nature has evolved careful regulation of
various structural states of proteins, often fine-tuning their functions. However, proteins
sometimes do not adopt their ideal conformations and will “misfold”. Misfolding occurs
stochastically but is aggravated by certain stressors, such as increased temperature, oxidative
stress, acidosis, or mutation of the protein sequence. Misfolded proteins generally lose their
native function and can be prone to aggregation. As misfolded proteins associate into aggregates
they can also draw in other proteins, interfering with multiple cellular pathways. When
misfolding and aggregation of proteins overwhelms a system, cell death and disease can ensue.
Therefore nature has developed a class of proteins, termed chaperones, which help other proteins
refold or prevent aggregation. The function of chaperones is tightly regulated to maintain
proteostasis. Levels of control range from tissue-specific and stress-induced transcriptional
regulation to post-translational modification. Chaperones themselves are subject to mutation,
which can alter their ability to maintain proteostasis. Many mechanistic questions associated
with chaperone structure-function are only partially answered, such as: how do chaperones
interact with misfolded/aggregated proteins, how is chaperone function regulated, and how do
chaperones function differently when mutated.

The chaperone examined in this thesis is a member of the small heat shock proteins

(sHSPs). sHSPs are shorter in sequence length than most other classes of chaperone (~150-200



residues in human sHSPs), hence the “small” part of the name. The “heat shock” part of the
name is primarily based on their discovery. Cells subjected to heat shock were found to
upregulate certain proteins, including some of the sHSPs, especially HSPB1 (Ritossa 1996). The
canonical function of sHSPs is to maintain aggregation-prone proteins (“clients”) in a soluble
state (“chaperone” activity). Interaction with clients and prevention of aggregation is ATP-
independent for sHSPs, contrary to the other major classes of chaperones. Chaperone activity in
vitro is determined by measuring the ability of a sHSP to delay aggregation of a model client
protein that has been destabilized. Certain sHSPs are also known to interact with proteins
outside of a chaperoning context, such as cytoskeletal proteins and proteins in the apoptosis
pathway (Gusev et al. 2002; Lanneau et al. 2008). sHSPs are found in all kingdoms of life, with
multiple paralogous sHSPs present in many organisms. Within multicellular organisms, some
sHSPs are differentially expressed among tissue types while others are more ubiquitous.

There are ten human sHSPs (named HSPB1-10), several of which are stress-regulated
and/or implicated in various diseases. Many of the human sHSPs are phosphorylated in response
to stress. Phosphorylation-mimicking mutants (phosphorylation site is mutated to Asp or Glu) of
certain sHSPs have increased activity in vitro and confer increased cell viability when expressed
in vivo (Rogalla et al 1999). Mutant forms of sHSPs are associated with different diseases,
sometimes dependent upon their tissue expression (Datskevich et al. 2012). For example,
HSPB4 is expressed almost exclusively in the eye lens, and mutant forms of HSPB4 are reported
in some patients with early-onset cataracts. Other mutant forms of human sHSPs are implicated
in different types of neuropathies and myopathies. Most mutations reported in human patients
affected by these diseases are missense mutations and occur in only one copy of the gene, thus

the effects are generally autosomal dominant. Certain mutations have been introduced into



model organisms to demonstrate causative effects (Xi et al. 2008; Zhang et al. 2014). Some
human sHSPs have also been found upregulated in cancer cells that have become resistant to
chemotherapy (Arrigo et al. 2007; Vargas-Roig et al. 1998). Therefore sHSPs are a medically
relevant topic of research, however much less is known about the structure-function relationship
in sHSPs compared to other chaperone types.

1.1.2 General structural properties and implications for function

The primary structure of sHSPs can be separated into three regions as shown in Figure
1.1a: the N-terminal region (NTR), the a-crystallin domain (ACD), and the C-terminal region
(CTR). Disease-associated mutations are reported for all three regions and will be discussed
with respect to results in subsequent chapters. It is well documented that many sHSPs form
homo-oligomers (and even hetero-oligomers with other sHSPs) via interactions involving one or
more of these regions. Oligomers range in size and can be monodisperse (one type of multimer
exists) or polydisperse (a range of multimers coexist) depending upon the sHSP. The three
regions of a SHSP are involved in a minimum of three types of inter-protomer interaction within
an oligomer. Below is a description of general sequence and structural properties of each of the
three regions, their involvement in homo-oligomer formation, and their role in binding of client
proteins.

(1) a-crystallin domain (ACD)- sHSPs are defined by their ACD, which is highly
conserved both in sequence and structure (Figure 1.1b). The ACD is around 90 residues in
length and adopts a p-sandwich fold consisting of six -strands (Figure 1.2a). In almost all
reported structures of sHSPs, a dimer is formed via interaction of two ACDs (Figure 1.2b, type 1

interaction, “ACD-ACD”). The p6+7 strands between two protomers are aligned anti-parallel in

the dimer, forming a continuous -sheet. The ACD can be truncated and expressed on its own



(“ACD-only”), forming the same topology as in the oligomeric context. The strand
nomenclature of the ACD is based upon older structural characterization of non-vertebrate
sHSPs in which at least nine (3-strands are observed. In some non-vertebrate sHSPs, the 36 and
7 strands are distinct, with a long connecting loop. The B6 strand then swaps with the 36 strand
of the neighboring protomer, forming a dimer with a different interface from vertebrate ACD
dimers. In vertebrate sHSPs, the loop between the 36 and 7 strands is missing, resulting in a
single B-strand in reported structures (“pf6+7”). The 34 and B8 strands form the “B4/B8” groove
at the edge of the ACD opposite the ACD-ACD interface. The $4/B8 groove is a binding site for
an “IXI motif”, which is a 3-residue motif with isoleucines (or valines) at the first and third
positions, in a disordered region of a protein. Therefore, the groove can interact with both the
CTR of sHSPs that contain an IXI motif (Figure 1.2b, type 2 interaction, “ACD-CTR”) and
client proteins with an IXI motif in a natively or destabilization-induced (unfolded/misfolded)
disordered region.

(2) C-terminal region (CTR)- The flexible, short CTR follows the ACD and is highly
variable in sequence and length (~10-30 residues). The CTR is rich in charged and polar
residues and is predicted to be disordered. Many sHSPs contain an IXI motif (I/V-X-1/V) in
their CTR that can bind the $4/B8 groove in the ACD of a neighboring protomer (Figure 1.2b,
type 2 interaction, “ACD-CTR”). Additionally, peptides that mimic the CTR and include the IXI
motif will bind the 34/p8 groove. However, only a small fraction of CTRs in an oligomer is
thought to be bound to neighboring ACDs, based on observation of bound and unbound states by
nuclear magnetic resonance spectroscopy (Baldwin et al. 2012). Of the sHSPs that have some
structural characterization, ones lacking the IXI motif in their CTR generally do not form large

oligomers.



(3) N-terminal region (NTR)- The NTR precedes the ACD and is also highly variable in
sequence and length. This region ranges in length from ~50-100 residues in eukaryotes and is
generally shorter than 50 residues in bacteria and archaea. The NTR is enriched in nonpolar
residues, particularly aromatics and prolines. However, the NTR is predicted to be primarily
disordered based on secondary structure algorithms and is mostly not resolved in reported
structures. Only one short region in the NTR is conserved among human sHSPs (26-
SRLFDQAFG-34 in HSPBI, Figure 1.1b). Although the NTR is not well resolved in reported
structures, many models predict it to interact with neighboring NTRs in sHSPs that form large
oligomers (Figure 1.2b, type 3 interaction, “NTR-NTR”). Some sHSPs have an IXI motif in
their NTR, suggesting that the NTR might also bind the $4/p8 groove of the ACD, and this has
been structurally shown in one case. Many sHSPs are phosphorylated in their NTR, which is
often stress induced. Phosphorylation or phosphorylation-mimicking mutations in the NTR
generally causes dissociation of sHSPs that form large oligomers into smaller species. For many
sHSPs, phosphorylated forms or phosphorylation-mimicking mutants of the protein are more
active chaperones. Many studies have also implicated the NTR in client interactions.

Most sHSPs self-associate to form a broad range of species, from dimers to >50mers.
sHSPs that form only dimers associate via the ACD-ACD interaction. Larger oligomers are
formed via the ACD-CTR and NTR-NTR interactions in addition to the ACD-ACD interaction.
sHSPs that form large oligomers are classified as either monodisperse or polydisperse (a range of
multimers coexist). The oligomeric non-vertebrate sHSPs tend to be monodisperse, forming
discrete species like 12-mers or 24-mers. Oligomeric vertebrate sHSPs tend to be polydisperse,

forming a range of species as broad as 10-50mers. Subunits exchange between oligomers



rapidly, although it is unknown what the exchanging species are, which could range from
monomers to small oligomeric species.

Due to the polydisperse and dynamic behavior of many vertebrate sHSPs, it is also
challenging to characterize interactions with client proteins and make correlations with function.
Transient interactions have been shown between client proteins and both the $4/p8 groove of
sHSP ACDs and parts of the NTR. In the truncated ACD-only form of a sHSP, the $4/p8 groove
is maintained and can interact with model client proteins. However, the truncated form generally
has little to no chaperone activity relative to the full-length sHSP. Therefore, binding
(particularly to the p4/p8 groove) is not necessarily associated with chaperone activity. The
NTR is implicated as functionally important for chaperone activity, at least for certain clients.
NTR-client interactions are particularly challenging to capture due to the disorder of the NTR
and the presence of multiple, weak, non-specific interactions with the client. It is likely that
different clients interact with sHSPs by different modes as there is variability in the putative
interacting regions of clients. Therefore, the function of sSHSPs is better described by a range of
possible interactions with clients and regulation of different interactions.

For large, polydisperse oligomers, it is generally thought that control over the oligomeric
state of sHSPs is key to regulating their function. There are opposing ideas on whether “small”
oligomers are more or less active than “large” oligomers. In most cases where phosphorylation
(or mimicking mutations) reduces the average oligomeric size of a sHSP, chaperone activity also
increases. However, this correlation of quaternary size and function is not maintained for many
disease-associated mutants and other mutated forms of sHSPs that have been characterized. As
there are overlapping regions involved in both self- and client-association (NTR and $4/p8

groove), a simple competition model would suggest that smaller oligomers would have more



available binding sites for client proteins. However, recruitment of a client protein into a larger
oligomer provides the opportunity for avidity, as a client protein can interact with multiple sHSP
subunits. Therefore, additional properties of sSHSPs must be probed to better understand
regulation of their function. Specifically, information on changes in local structure and
dynamics (within a protomer) among oligomeric forms is lacking and would aid in a more
comprehensive view of sHSPs, as is presented in this thesis.

1.1.3 Reported structures and alternative oligomeric models

There are numerous crystallographic and NMR structures reported for truncated, ACD-
only forms of sHSPs (Bagneris et al. 2009; Baranova et al. 2011; Hochberg et al. 2014;
Laganowsky et al. 2010; Rajagopal et al. 2015a and b; Weeks et al. 2013). Structures of
vertebrate sHSPs adopt the same dimeric B-sandwich topology shown in Figure 1.2a, with the
6+7 strands aligned antiparallel. In the context of vertebrate oligomeric models, the {3-
sandwich structure of the ACD is conserved. However, among all of these structures, the
curvature of the ACD dimer and precise alignment (“register”) of the $6+7 strands are variable.
Therefore many of the variables among these structures (length of construct, buffer conditions,
mutations, etc.) can subtly influence the surfaces of the ACD dimer involved in self- and client-
association (e.g. the p4/p8 groove).

There is little structural information on the NTRs of sHSPs in either small or large
oligomeric forms. As the NTR is mostly disordered and even ordered regions adopt multiple
conformations, this part of the protein remains refractory to routine structural approaches. In the
context of an oligomer, many structures and models propose NTR interactions between
neighboring protomers. There are atomic level structures and models for four non-vertebrate,

monodisperse sHSP oligomers, all from different species (Kennaway et al. 2005; Kim et al.



1998; Van Montfort et al. 2001; White et al. 2006). The crystal structure of archaeal Hsp16.5
(monodisperse 24-mers) reveals a hollow ball but the NTRs are not resolved. A more recent
cryo-EM model of this protein shows density inside the oligomer attributed to NTRs. Similarly,
discrete 24-mers of yeast Hsp26 form hollow spheres in cryo-EM models with NTRs interacting.
Tuberculosis Acrl forms discrete, hollow spherical 12-mers, and the NTRs are not resolved in
negative-stain EM models but are proposed to be directed inwards and highly disordered. In the
crystal structure of wheat Hsp16.9 barrel-shaped 24-mers, half of the N-termini are resolved,
helical, and form important intermolecular interactions with each other. Therefore, even in
monodisperse sHSP oligomers, it is challenging to elicit any definitive “structure” (or map of
ordered/disordered regions) of the NTR.

There are structural oligomeric models for only one vertebrate, polydisperse sHSP. For
HSPBS (also called aB-crystallin) there are two oligomeric models of tetrahedral 24-mers,
which only represents one oligomeric species in a large range (Braun et al. 2011; Jehle et al.
2011). Both models have similar architecture of protomers: ACD-ACD interactions form
dimers, ACD-CTR interactions link three dimers into a hexamer, and NTR-NTR interactions
bring together four hexamers into the tetrahedral 24-mer. However, the models differ in their
placement of the NTR. The model put forth by the Klevit lab (Figure 1.3a) is based on solid-
state nuclear magnetic resonance (NMR) spectroscopy, small-angle X-ray scattering (SAXS),
and negative-stain electron microscopy (EM). NMR provided numerous restraints for the ACD
(enough for ACD structure determination) and sparse restraints for the NTR. Modeled
interacting regions between NTRs were confirmed by chemical cross-linking. Even from the
sparse restraints for the NTR, conformational heterogeneity was evident. The resulting model of

local NMR restraints fit into SAXS and EM densities places the NTRs oriented toward the center



of the oligomer. Two distinguishable conformations of the NTR are modeled in the 24-mer,
although it is unknown how different conformations might be partitioned among different
oligomeric states. The other model uses the same NMR restraints for the ACD, but models the
entirety of the sequence into a higher resolution cryo-EM density. This model places the NTRs
oriented away from the center of the oligomer, adopting different local structures, and forming
contacts via different regions of the NTR. In both cases, limited regions of secondary structure
are modeled in the NTR, most of which are helical and encompass the one conserved region in
the NTR (residues 28-36 in HSPBS). Even within both models the NTRs are in two distinct
conformations. Specifically, the B2 strand forms antiparallel to its proceeding B3 strand in half
of the protomers (Figure 1.3b). In the other half of the protomers, this $2 region is modeled to
extend in the opposite direction away from the ACD. The B2 strand (as part of the 3-sandwich)
is sometimes observed in crystal and NMR structures of truncated ACD-only constructs. Given
that ACD-only constructs are often truncated very near or in the $2 strand, it is difficult to
extrapolate the structure of this region in the oligomeric counterpart of each sHSP. As the
sequences of NTRs are not very conserved among sHSPs, it is also imprudent to extrapolate to
other sHSPs much NTR structural information from the HSPBS oligomeric models.
1.2 HSPB1
1.2.1 Overview of HSPBI1 relative to other human sHSPs

Human HSPBI is the subject of this thesis. HSPB1 and many mutant forms are
implicated in human disease, therefore there is a wealth of biological data. Of the human sHSPs,
HSPBI1 has the most reported disease-associated mutations (Datskevich et al. 2012; Efgrafov et
al 2004; Houlden et al. 2008; Rossor et al. 2012). However, compared to the most structurally-

studied human sHSP, HSPBS, there are relatively few structural studies of HSPB1.



Understanding the structure-function relationship for HSPB1 with its putative clients requires a
stronger structural foundation of the protein itself, disease-associated mutants, and regulation of
its oligomeric size. Of the human sHSPs, HSPBI1 has the longest NTR (~90 residues), and
consequently the longest sequence (205 residues). The NTR has a proline-rich insertion not
present in the other human sHSPs (Figure 1.1b, residues 55-70). The CTR of HSPBI1 contains
an extended IXI motif (Figure 1.4, 179-ITIPV-183), and there is no IXI motif in its NTR. There
is one cysteine residue in the sequence, which occurs at position 137, in the middle of the §6+7
strand. Unique from the other sHSPs, a disulfide bond can form across the ACD-ACD dimer
interface under non-reducing conditions. HSPB1 forms large, polydisperse oligomers much like
HSPBS, for which there are oligomeric structural models, but there is little sequence homology
between the NTRs of these two proteins.
1.2.2 Biological roles, disease-associated mutations, and stress-induced phosphorylation
HSPBI1 has been implicated in multiple biological roles in diverse cellular pathways,
diseases, and tissues. It shows chaperone activity with model client proteins in assays in vitro.
Outside of the canonical chaperone role, HSPBI1 is also implicated in the apoptosis pathway and
interacts with cytoskeleton proteins (Gusev et al. 2002; Lanneau et al. 2008). Upregulation of
HSPBI1 has been observed in certain types of cancer and has therefore become a target for drug
development. Several mutations in HSPBI1 are associated with severe neurological disorders-
Charcot-Marie-Tooth disease (CMT) and distal hereditary motor neuropathy ({(HMN).
Predominantly single point mutations have been observed, but both truncation and frame-shift
mutations have been reported in affected patients. Disease-associated mutations are found in all
three regions of the protein, and almost all mutations appear to be autosomal dominant. Limited

biochemical analysis has been performed on only some of these mutants, focusing primarily on
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oligomeric size, chaperone activity, and other basic properties. There are four known disease-
associated mutations in the NTR of HSPB1, which are the subject of Chapter 5- G34R, P39L,
E41K, and G84R (Figure 1.4). A better understanding of how these mutations alter HSPB1
structure and function could aid our understanding of its native activity. Basic biochemical
characterization has been reported for these mutants (Muranova et al. 2015, Nefedova et al.
2013Db), but structural mechanisms for their impact on function is lacking.

HSPBI1 has three phosphorylation sites in the NTR, which are conserved among
orthologs (Figure 1.4). HSPBI is substantially phosphorylated within minutes after cells are
subjected to stress (heat, oxidative stress) by stress-related kinases. Phosphorylated states of
HSPBI1 or phosphorylation-mimicking mutants generally increase holdase activity in vitro.
Expression of phosphorylation-mimicking mutants in vivo increases cell viability after being
subjected to stress (Rogalla et al. 1999). Along with these biological studies, numerous reports
demonstrate that phosphorylated HSPB1 or phosphorylation-mimicking mutants forms much
smaller oligomers (Hayes et al. 2009; Jovcevski et al. 2015; Landry et al. 1991; McDonald et al.
2012). However, little is known about the structural mechanism for dissociation into smaller
oligomers upon phosphorylation.

1.2.3 a-crystallin domain structures

Three structures have been reported for the truncated ACD-only form of HSPB1. The
first reported crystal structure shows a protomer structure similar to that of other sHSP ACDs
(Baranova et al. 2011). However, in the crystal the protomers formed a hexameric ring via non-
canonical contacts. The authors suggested the hexameric ring was likely due to mutations
(engineered to enhance crystallization) within the ACD and crystallization conditions. When the

WT ACD was analyzed in solution by SAXS, the protomer structure fit a more canonical ACD-
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ACD dimer envelope. The second crystal structure shows a canonical dimer via antiparallel
alignment of the f6+7 strands (Figure 1.5, PDB ID: 4MJH, Hochberg et al. 2014). A peptide
mimicking the CTR of HSPB1 (including the IXI motif) is bound to the ACD £4/B8 groove. In
this structure, the 2 strand is evident and antiparallel to the $3 strand of the same protomer,
analogous to HSPB5 ACD-only structures and half of the states reported in the HSPBS
oligomeric models. The Klevit lab solution NMR structure of HSPB1 shows the same canonical
dimer structure (Figure 1.5, PDB ID: 2N3J, Rajagopal et al. 2015a). However, the 32 strand is
not formed in this structure, even though the sequence of the construct included the same 32
region as in the crystal structure, with additional preceding residues. The 2 strand is predicted
to form via secondary structure analysis (PSIPRED, Figure 1.4, Liam et al. 2000). These
differing observations suggest that it has propensity to form under some conditions, but this state
might not be fully populated. The relative orientation of the 32 region bridging the NTR and
ACD is likely associated with very different conformations and arrangement of the NTR.
1.2.4 Structural features of the full-length protein

There are no reported structures of full-length HSPB1, but many studies have probed
properties of the NTR. Secondary structure of the NTR is predicted to be mostly random coil
with some a-helical regions (PSIPRED, Figure 1.4). Most structural studies include large
truncations in the NTR or cysteine mutations to attach probes, which likely perturb the local
structure and/or dynamics of the region. Truncations in the NTR generally limit the oligomeric
size but affect chaperone activity and subunit exchange depending upon the mutated region.
Electron-paramagnetic resonance (EPR) was used to probe the relative flexibility of different
regions of the NTR. Overall, all probed sites in the NTR in WT oligomers were found to be

relatively rigid, presumably involved in inter-protomer contacts. In a triple phosphorylation-
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mimicking mutant (“D3”), the same sites in the NTR were found to be far more flexible,
correlating with dissociation into smaller oligomers where the NTRs are less restrained.
However, attachment of the EPR spin-label probe required single cysteine substitutions
throughout the NTR. Many mutations led to changes (increase or decrease) in the oligomeric
propensity. Altogether, these results suggest that much of the NTR in a WT-like HSPB1
oligomer is likely fairly restrained, but restrained regions do not necessarily adopt conventional
secondary structure.
1.3 Structural characterization of heterogeneous, partially disordered proteins and

complexes

The lack of atomic-level structural details on sHSPs is due to several properties that have

made them intractable to traditional structural techniques- most vertebrate sHSPs have (1)
intrinsically disordered regions (NTR and CTR), (2) variable oligomeric states (polydispersity),
and (3) conformational heterogeneity among protomers (e.g. different modeled states of the NTR
in the HSPBS5 models). Structural techniques have been optimized for characterizing proteins
that are highly ordered and monodisperse. X-ray crystallography, which can yield very high-
resolution structures, is restricted to proteins that have limited flexible/disordered regions and
sometimes requires truncation of flexible regions that might be of functional importance. While
it is possible to crystallize protein complexes, a high level of monodispersity (one oligomeric
state) is generally required. Therefore this method has been useful for examining ACD-only
constructs of sHSPs that form monodisperse dimers and full-length versions of non-vertebrate
sHSPs that form large but monodisperse oligomers but is intractable for polydisperse human
sHSPs such as HSPB1. The field of cryo-EM has seen a rapid increase in resolution of published

structures and is amenable to large proteins and complexes. However, disordered regions still
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cannot be resolved by this method, and structural heterogeneity complicates analysis and limits
resolution. Alternate techniques, including NMR spectroscopy and hydrogen-deuterium
exchange mass spectrometry, can yield structural information that is inaccessible using
techniques that rely on highly homogenous samples.

1.3.1 Nuclear magnetic resonance spectroscopy

Unlike other traditional structural techniques, nuclear magnetic resonance (NMR)
spectroscopy is capable of characterizing disordered proteins/regions and conformational
heterogeneity. NMR offers a diverse range of experiments for probing protein structure,
dynamics, and properties of interacting regions with other proteins or ligands. Specific peaks (or
“resonances”) in an NMR spectrum arise from chemically distinct nuclei in a molecule. In
protein NMR, it is most common to probe protons (abundant, NMR-active) coupled to
isotopically labeled nitrogen atoms ('°N), yielding a two dimensional spectrum where each peak
corresponds to one H-N group in a protein, predominantly the backbone amides. Therefore it is
possible to probe the distinct chemical environments of individual residues in a protein.
Additional nuclei can be observed and the resulting multi-dimensional experiments are listed in
Chapter 2.

Peaks corresponding to nuclei in disordered regions of a protein tend to be sharp due to
their flexibility, which results in longer relaxation times. Therefore disordered residues often
have a higher “apparent intensity” compared to residues in structured regions of a protein.
However, the degenerate chemical environments of disordered residues can lead to overlap of
peaks, limiting spectral resolution. If a residue in a protein exists in two chemically distinct
states that exchange slowly relative to the timescale of the NMR experiments (milliseconds and

longer), two distinct peaks will be observed for that residue (Figure 1.6). Therefore it is possible
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to observe and characterize multiple conformations. However, if the exchange between states is
very fast, a single averaged peak will be observed. One complication is that conformational
exchange on a timescale similar to the experiment (“intermediate exchange’) will result in peak
broadening, sometimes to the point of being unobservable. Similarly, peaks might be
unobservable if the signal is partitioned among too many chemically distinct states. The
exchange rate between conformational states can be measured by collecting a series of NMR
spectra.

For traditional structural experiments to be carried out effectively in solution, the protein
must be relatively small (< 20kDa for a streamlined approach). The NMR signal of large
proteins relaxes very quickly, leading to very broad peaks (appear “low intensity”’). Certain
experimental schemes, discussed in the following chapters, can be used to examine the structure
of proteins in solution that are much larger (up to ~80 kDa), but restraints for structural modeling
are far more limited. For even larger proteins, solid-state NMR can be used for structure
determination but this is generally an expensive, laborious route carried out on only highly
specialized NMR spectrometers. Finally, minimal residue-level structural information can still
be obtained for large proteins in solution via the methyl-TROSY method (Ruschak and Kay
2010). However, this approach is also expensive and is limited to flexible methyl groups in
particular side-chains, which might not be of interest. NMR is valuable for pursuing certain
questions about sHSP structure and behavior. For example, NMR can be used to report on the
local dynamics throughout an ACD-only dimer. Also, it is possible to monitor residues affected
in an ACD-only dimer as it interacts with a model client protein. Strategies for studying a full-

length sHSP in a small oligomeric form (dimer) by NMR is a major topic of this thesis.

15



1.3.2 Hydrogen-deuterium exchange mass spectrometry

Hydrogen deuterium exchange mass spectrometry (HDXMS), although not typically
included in the list of techniques for protein structure determination, is proving to be an
invaluable alternative for a wide variety of structural questions unanswerable by traditional
techniques. HDXMS measures dynamics of regions of a protein, defined by the digestion of the
protein into small peptides after the exchange step. Therefore, the resolution is limited to the
lengths of these peptides and no direct long-range information is obtained. However, in principle
there is no limitation on the type of protein, size, or solution conditions. Additionally, structural
changes can easily be tracked as a function of time following a perturbation (addition of a
substrate, change in pH, etc.). It is far less feasible to obtain a crystal structure or prepare NMR
samples for numerous points in a reaction. Therefore, HDXMS is ideal for answering questions
about structural changes in complicated systems, especially for systems where a structure is
currently unobtainable.

As with NMR, HDXMS is useful for characterizing disordered and heterogeneous
structure, and there is no limitation on protein size. A protein sample is incubated in deuterated
solvent and allowed to exchange for set periods of time before the reaction is quenched and the
protein is digested into peptide fragments. Protons from backbone amides are able to exchange
with deuterium at a rate corresponding to their propensity to be hydrogen-bonded or buried, and
therefore protected from solvent. The resulting deuteration profiles of each peptide can be
examined by mass spectrometry, where the isotopic distribution of the peptide mass shifts with
more deuterium incorporated. Disordered regions of proteins usually readily exchange with the
deuterated solvent. If two conformations are present in a protein with different levels of

protection and the exchange rate between these states is slower than the first time point, then two
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isotopic distributions can be observed (Figure 1.7). Assuming there is not substantial spectral
overlap of the two conformations, it is possible to track both the intrinsic dynamics of each
conformation (deuteration level) and the exchange rate between the two states (change in
proportions of each conformation).

1.4 Scope of this thesis

The overarching goals of this thesis are interdependent- (1) to structurally characterize
different oligomeric states of HSPB1 in order to better understand its regulation and (2) to
explore more accessible and comprehensive methods for obtaining structural information about
polydisperse, heterogeneous, and partially disordered proteins and complexes.

The results presented here are progressive in that it was necessary to first probe and
perturb the known types of interactions holding together HSPB1 oligomers before developing
methods to further characterize them structurally. Briefly, mutations to each of the three regions
(NTR, ACD, and CTR) typically result in changes to the oligomeric states of HSPB1. Most
point mutations reported in the literature and here result in formation of larger oligomers, with
the exception of phosphorylation-mimicking mutations in the NTR. There is substantial
interplay among these interactions, as perturbations to two types of interaction do not necessarily
result in a sum of the two separate perturbations.

Mutations in the NTR and CTR were combined to limit interactions involving these
regions to generate a highly active, monodisperse dimer, termed “D3GXG”. It combines three
mutations in the NTR that mimic a stress-induced phosphorylated state with three mutations in
the CTR that prevent interactions with the ACD. This dimeric mutant is a model construct for
studying the basic building block of phosphorylated HSPB1 oligomers while avoiding the

experimental limitations of polydisperse samples with high molecular weight species. It is
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unknown how different the structures of phosphorylated and non-phosphorylated full-length
dimers are. Nevertheless, the changing structural features observed in D3GXG are similar to
those observed in intermediate phosphorylation mimics, specifically at low concentrations and
smaller average oligomeric size. Therefore, local structural changes occur upon dissociation into
smaller oligomeric species rather than resulting directly from specific mutations.

As D3GXG is amenable (relative to larger oligomers) to conventional NMR experiments,
it was possible to assign NMR resonances to specific residues in parts of the NTR and CTR and
most of the ACD. This process was heavily aided by previously published assignments of the
ACD-only construct. Assigned regions of the NTR are highly disordered but also adopt multiple
conformations. While much of the ACD appears structurally similar between the truncated
(ACD-only) and full-length (D3GXG) contexts, certain regions are clearly different in D3GXG
and demonstrate conformational heterogeneity. Placement of paramagnetic relaxation
enhancement (PRE) probes throughout the NTR of D3GXG aided in determining relative
positioning of regions of the NTR with respect to the ACD.

NMR of the large WT oligomers is limited to the methyl-TROSY approach in which one
observes only the flexible methyl groups of particular side-chains. Spectra were obtained of Ile
methyl-labeled WT and D3 oligomers. There are only six isoleucines in HSPB1, however more
than six peaks were observed in the WT spectrum, indicating conformational heterogeneity. The
spectrum of D3 oligomers also showed heterogeneity, but many peaks did not overlay with WT,
indicating different conformations present. Due to the high cost and experimental difficulty of
the methyl-TROSY technique, limited structural data was obtained for large HSPB1 oligomers

by NMR spectroscopy.
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HDXMS proved to be an invaluable tool for probing all regions of full-length HSPB1 in
any oligomeric state. Regions of protection were observed in the NTR of both D3GXG dimers
and WT oligomers. Multiple regions within the NTR also showed conformational heterogeneity
in WT oligomers. Moderate but distinct changes in the NTR could then be demonstrated
between these two states of HSPB1. Coupled with NMR results, the HDXMS profile of D3GXG
has provided a working model for the general structure of a dispersed dimer of HSPBI1.

Four NTR disease-associated mutants (G34R, P39L, E41K, G84R) were studied using
many of these methods. Briefly, a combination of analyses of secondary structure (circular
dichroism spectroscopy), quaternary structure, and regional dynamics (HDXMS) of disease
mutants in both their native (no other mutations) and the D3GXG context revealed specific
regions affected by each mutation. Additionally, a simple fluorescence-based assay was
developed to measure the kinetics of subunits exchanging among oligomers and compare the
global dynamics of these disease mutants. Therefore, it was possible to gain insights into the
structural mechanisms by which these disease mutations lead to altered chaperone activity.

Altogether this thesis defines structural states of the polydisperse human sHSP HSPBI1: in
WT, “phosphorylated”, and “diseased” contexts. This work ideally provides a roadmap for how
to study other sHSPs and similarly complicated protein systems. Given the plasticity of sHSPs
and similar proteins, it is misguided to try to draw mechanistic inferences from classical single-
state structures. Therefore, it is necessary to embrace a combination of biophysical techniques
that can report on both disordered and ordered regions, multiple conformations, and the
dynamics of exchanges among states in order to truly define the “structure” of the challenging

protein systems that remain to be studied.
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Figure 1.1- Domain architecture of sHSPs and sequence alignment of better-characterized
human sHSPs. (a) sHSPs are characterized by three domains- the N-terminal region (NTR), a-

crystallin domain (ACD), and C-terminal region (CTR); the color coding for these domains is

maintained in the following figures. (b) Sequence alignment of the known human sHSPs shows
high conservation of the ACD (sequence between the triangle markers) and low conservation of

the NTR and CTR. The conserved region in the NTR and common IXI motif in the CTR are

each indicated with a line above the sequence.
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Type 1: ACD-ACD
Type 2: ACD-CTR
Type 3: NTR-NTR

Figure 1.2- sHSP ACD structure and interacting regions among protomers. (a) NMR
structure of truncated (ACD-only) human HSPB1 (2N3J), which forms the canonical dimer of 3-
sandwich protomers along the p6+7 strands. (b) sHSP oligomers are formed by three classes of
self-interactions- (1) ACD-ACD as seen in (a), (2) ACD-CTR, in which a CTR IXI motif binds a

neighboring ACD (4/B8 groove, (3) NTR-NTR, in which NTRs presumably interact but specific
contacts are challenging to resolve.
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Figure 1.3- Multiple conformations of the NTR in human sHSP structures. (a) Left- model
of an HSPBS 24-mer based on solid-state NMR, electron microscopy, and small-angle X-ray
scattering (PDB ID: 3J07), in which two distinct N-terminal conformations are modeled. Right-
model of an HSPB5 24-mer based on cryo-EM and fitting of an ACD-only structure (PDB ID:
2YGD). The two models differ primarily in arrangement of the NTRs. (b) One dimer subunit
(NTR and ACD of each) from the left model in (a). Arrows indicate alternate positioning of the
2 region between protomers. Left arrow- NTR extends straight from the 3 strand. Right
arrow- 32 strand forms antiparallel to the B3 strand and the NTR folds back again over the ACD.
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Figure 1.4- Sequence alignment of HSPB1 orthologs, residues of interest, and known and
predicted secondary structure. HSPB1 sequences from human, mouse, frog, chicken, and fish
show considerable conservation throughout most of the NTR, in contrast to other sHSP types as
seen in the human HSPBS sequence at the bottom. Yellow stars indicate conserved
phosphorylation sites (S15, S78, and S82), and triangles indicate disease-associated point
mutations in the NTR (G34R, P39L, E41K, and G84R). Gray helices and strands on top of the
sequence are based on PSIPRED secondary structure prediction. The light gray 2 strand is
based on the HSPB1 ACD-only crystal structure (PDB ID: 4MJH). The blue helices and strands
below the sequence are based on secondary structure in the HSPBS5 oligomeric model (PDB ID:
3J07). Green strands (below and above sequence) are based on HSPB1 and HSPB5 NMR ACD-
only structures (PDB IDs: 2N3J and 2NOK). The black bar above the CTR indicates the IXI
motif in HSPB1, which is actually a triple motif (ITIPV).
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Residues 84-176

NMR structure
Residues 79-176

Figure 1.5- Comparison of the orientation of the B2 region in HSPB1 ACD-only structures.
In the crystal structure of ACD-only (PDB ID: 4MJH, construct begins at residue 84), the 2
strand is formed antiparallel to the 3 strand of the same protomer. In the NMR structure (PDB

ID: 2N3J), the B2 strand does not form and the end of the NTR (construct begins at residue 79) is
modeled aiming away from the ACD.
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Figure 1.6- Observation of conformational heterogeneity by solution NMR. Most proteins

adopt multiple structural conformations and interchange among these states at distinct rates that

relate to function. If exchange between two states is slow relative to the NMR experiment

(milliseconds and longer), two resonances will be observed. If exchange is similar to the NMR
timescale, the resonances will broaden. If exchange is faster than the experiment, one resonance

will be observed representing an average of these two states.
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Figure 1.7- Observation of conformational heterogeneity by hydrogen-deuterium exchange
mass spectrometry. If conformational exchange between two states of a protein is slower than
the initial deuteration time points in an HDXMS experiment (usually seconds, but can be slowed
at lower temperatures), two distinct isotopic profiles can be observed. The inherent dynamics of
each state (deuteration levels) can be determined, and if the change in proportion of each state
changes in the experimental timescale, one can also determine the exchange rate between states.



2. METHODS
2.1 Mutagenesis, expression, and purification of HSPB1
2.1.1 Vectors and mutagenesis

Human HSPB1 (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.
All mutants made of HSPB1 and their general purpose are listed in Table 2.1.
2.1.2 Protein expression

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, colonies were scraped from a
plate and added to 0.5 L of lysogeny broth (LB) with 100 ug/mL ampicillin. With pure protein
yields of up to 100 mg from a 1 L culture, 0.5 L cultures were generally used. Cells were grown
at 37°C in a shaking incubator until ODgoy ~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]). Cell pellets were stored

at -80°C prior to protein purification.
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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. Under these
conditions, up to 100 mg of pure protein could still be obtained from a 1 L culture. Growth and
expression steps were identical to those used for natural abundance protein. In this media, the
doubling rate of the E. coli cells during log phase is ~1 hour.

For specific “unlabeling” of particular amino acids, ’N-labeled MOPS minimal media
was used. However, the rate of protein production had to be limited for specific incorporation.
Therefore, 3 g/L of glucose was used. Cells were grown at 37°C in a shaking incubator until
ODgoo ~0.6. Unlabeled amino acids were added ~15 minutes prior to induction to a final
concentration of 1 g/L.. Three classes of amino acids (among which scrambling occurs) were
used- I/L/V, H, and F/Y. In each case, the total amino acid content added to the cultures was 1
g/L (e.g. 500 mg of F and 500 mg of Y per 1 L). Expression was induced with only 0.5 mM
IPTG and cells were harvested after only 18 hours.

For *H"°N"°C-labeled (partial deuteration) protein, cells were grown in stages to
acclimate the cells to deuterated minimal media. Expression in D,O based minimal media
generally leads to ~75% deuteration. For all >C-labeling, 3 g/L of >C-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 ODggg ~0.6.
Cells were again pelleted, resuspended, and grown in 100 mL of D,O-based M9 minimal media
to an ODggp ~0.6. Cells were then transferred directly to a larger 500mL (total) D,O-based M9
minimal media and grown to an ODggp ~0.6. After induction and reduction of temperature,
protein was expressed for ~48 hours. In the D>O media, the doubling rate of the E. coli cells

during log phase is ~2 hours.
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For “H"’N"*C-labeled (perdeuteration) or Ile-3-'H">C-labeled (all other sites deuterated)
protein, cells were grown in additional stages to acclimate the cells to deuterated minimal media
(Figure 2.1). Expression in D,0 and *H-glucose minimal media generally leads to >95%
deuteration. 3 g/L of “H"’C-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 ODggp ~0.6. Cells were again pelleted, resuspended, and grown in 100mL of D,0O-
based M9 minimal (no deuteration) media for 1-2 hours. Cells were again pelleted, resuspended,
and grown in 200mL of D,0O-based and *H-glucose-based M9 minimal media to an ODggo ~0.6.
Cells were then transferred directly to a larger 1 L (total) D,O-based and *H-glucose-based M9
minimal media. For uniformly perdeuterated protein, cells were grown to an ODggo ~0.6 and
induced. For methyl-labeled protein, amino acid precursors (60 mg/L a-ketobutyrate for Ile
labeling, 100 mg a-ketoisovalerate for Leu/Val labeling) were added at the final transfer step,
and expression was induced at an ODggg ~0.25. After induction and reduction of temperature,
protein was expressed for ~48 hours. In the D,O-based and *H-glucose-based media, the
doubling rate of the E. coli cells during log phase is ~3 hours.

2.1.3 Purification

Cells containing full-length HSPB1 were lysed by freeze-thaw and incubation with
lysozyme and protease inhibitors in lysis buffer (specified in 2.1.2) 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
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was added to the supernatant to 40% saturation on a slow shaker at room temperature and
allowed to equilibrate for 30 minutes. Ammonium sulfate precipitation is temperature
dependent, therefore it is important to conduct these steps around room temperature.
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. Light precipitated material was pelleted briefly at 20°C. At this desalted stage,
protein will precipitate at cold temperatures. Desalted protein was separated by an anion
exchange DEAE column with a step gradient of AEX buffer with increasing sodium chloride at
room temperature. After anion exchange separation, protein was generally stored at 4°C.
Protein fractions were analyzed for purity by SDS-PAGE, pooled, and concentrated to 2-4 mL
for SEC. Preparations that yielded more protein were generally split into multiple SEC
injections. Extra concentrated pre-SEC protein was often flash frozen in liquid nitrogen and
stored at -80°C. Concentrated 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,
intermediate phosphorylation mimics) were separated on a Superdex 200 column, while smaller
constructs (D3, D3GXG, D3/176del) 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'em™). Aliquots were flash frozen in liquid nitrogen and stored at -80°C.
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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.

2.2 Functional (chaperone) assays

Samples were prepared in a 96-well plate with final protein concentrations of 600 uM
bovine a-lactalbumin and 60 uM HSPB1 in 50 mM sodium phosphate, 100 mM NacCl, and 0.5
mM EDTA at pH 7.5. Samples were incubated at 37°C for 30 minutes prior to triggering
aggregation with final concentrations of 20 mM DTT and 5 mM EDTA. Absorbance at 360 nm
was measured in a BioTek plate reader at 37°C every 2.5 minutes, with shaking prior to each
measurement. Absorbance of each sHSP alone was measured to confirm that sHSPs were not
aggregating under these conditions.

2.3 Global biophysical characterization
2.3.1 Analytical size-exclusion chromatography

Samples were prepared in 50 mM sodium phosphate, 100 mM NacCl, and 0.5 mM EDTA
buffer at pH 7.5. Samples were incubated at the desired concentration at 37°C for at least one
hour prior to injection. 150 uL samples were loaded onto a 100 uL loop and injected onto a 24
mL Superose 6 10/300 mm column (GE) at room temperature. For the indicated reduced
samples, 2 mM DTT was present in both the sample and buffer used for column equilibration

and elution.
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2.3.2 SEC coupled with multi-angle light scattering

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 the protein standard apoferritin. 100 uM
samples of HSPB1 were prepared in 50 mM sodium phosphate, 100 mM NaCl, 0.5 mM EDTA,
at pH 7.5. Samples were incubated at 37°C for one hour prior to placement in a 4°C
autosampler, which injected 25 uL samples onto a 2.4 Superose 6 Increase 3.2/300 mm column
(GE) equilibrated with the matched buffer at room temperature.
2.3.3 Circular dichroism spectroscopy

Samples were prepared in 25 mM sodium phosphate, 50 mM NaCl, and 0.25 mM EDTA
buffer at pH 7.5. This is the standard buffer used in other experiments at half the concentration
to limit absorbance due to buffer. Samples were incubated at the desired concentration at room
temperature for several hours prior to measurement. Cuvettes ranging from 0.2 mm to 1 mm
were used depending on the concentration of the protein. Specifically, more concentrated
protein samples (e.g. 100 uM) would not allow enough light to pass through a 1 mm cuvette for
reliable measurements, based on the recommended high-tension voltage cutoffs for the detector.
All measurements were made on a Jasco J-1500 CD spectrometer with Peltier temperature
control. Aside from thermal melts, all measurements were collected at 20°C, with 1 nm
bandwidth, and averaged over three scans. For CD thermal melts, wavelength scans were
collected every 10°C as indicated with a temperature ramping rate of 1°C/min. 1 nm bandwidth

was maintained, but spectra were averaged over two scans.
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All data were normalized to units of mean residue ellipticity (MRE), which accounts for
protein concentration and number of peptide bonds so that any protein or peptide can be
compared to another. Data were collected at 0.1 nm intervals and then smoothed linearly across
I nm. All data presented has a high-tension voltage below the recommended cutoff for the
detector (800 V).

2.3.4 Negative-stain electron microscopy

Protein samples were prepared at 100 pg/mL in 50 mM sodium phosphate, 100 mM
NaCl, 0.5 mM EDTA, pH 7.5 buffer and placed on glow discharged carbon-coated copper grids.
Phosphotungstic acid was used for the negative-stain, as it can be used at neutral pH, and HSPB1
behavior is pH-dependent. A Tecnai T12 microscope was used at 120 kV high-tension and ~10
LA emission current. Approximately 20 micrographs were collected for each protein at 26k
magnification and -1 um defocus. Images were processed using EMAN2 (Tang et al. 2007).
Approximately 2000 particles were used for producing 50 class averages.

2.3.5 Fluorescence-based subunit exchange

WT and disease mutant constructs were generated with a cysteine introduced at position
174, analogous to similar fluorescence studies in HSPBS5 (Peschel et al. 2013), and the native
cysteine at position 137 mutated to serine. Protein was buffer exchanged into 50 mM sodium
phosphate, 100 mM NaCl, 0.5 mM EDTA, pH 7.5 buffer with 2 mM tris-(2-carboxyethyl)-
phosphin (TCEP), which does not interfere with maleimide reactions. Protein was incubated
with 3X molar excess of Alexa Fluor 488 maleimide (stock in DMSO) and incubated at 37°C (to
facilitate subunit exchange) for at least one hour (Figure 2.2). Protein was separated from free
dye using gravity desalting columns. Fractions collected from desalting columns were analyzed

for separation by comparing absorbances at 495 nm (fluorophore extinction coefficient of 73,000
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M 'em™) and 280 nm, with an assumed Ajg0/A4os ratio of 0.11. The resulting pool of fractions
was diluted to desired protein concentrations and fluorophore labeling percentages

Samples were incubated at 37°C at the desired protein concentration and labeling
percentage for at least one hour prior to measurement. For the experiments presented here,
samples with 30% fluorophore labeling were mixed 1:2 with unlabeled protein (Figure 2.2c¢).
The resulting dequenching from homo-FRET among fluorophores in oligomers was measured as
a function of time. Protein concentrations of 5 uM, 20 uM, and 40 uM were examined and
different labeling ratios were used to confirm there was no fluorophore-concentration-dependent
bias. Measurements were collected on a Horiba Fluorolog-3 with double excitation and emission
monochromators and Peltier temperature control. Excitation and emission wavelengths of 518
nm and 498 nm were used, respectively.

The resulting kinetic data was fit to the following exponential equation using the R
software package to obtain subunit exchange rates:
y=A+Bxekt

2.4 Hydrogen-deuterium exchange mass spectrometry
2.4.1 Sample preparation

200 uM protein samples were equilibrated at room temperature (22°C - 25°C) in 50 mM
NaPi, 100 mM NaCl, 0.5 mM EDTA at pH 7.5 for several hours. The experimental scheme is
decribed in Figure 2.3a. Samples were diluted 10X into deuterated buffer (prepared identically
but with D,0) for a final concentration of 20 uM, and incubated at room temperature for various
periods of time to allow for hydrogen-deuterium exchange. At the desired time point, the
deuteration reaction was quenched by adding an equal volume of quench buffer on ice. The

quench buffer (mixture of formic and trifluoroacetic acids) was adjusted to bring down an equal
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volume of D,0 buffer to a final pH of 2.5. At this low pH, proton-deuteron exchange at amides
is limited and pepsin cleavage is optimized. Quenched samples were then immediately flash
frozen in liquid nitrogen and stored at -80°C. Undeuterated samples were prepared in a similar
fashion but replaced addition of D,0O buffer with normal buffer. Fully deuterated samples were
made similarly but from denatured protein (3M guanidine HCI and high heat for at least 30
minutes) incubated in D,0O for several hours.
2.4.2 Mass spectrometry

Samples were stored in liquid nitrogen until 5 minutes prior to injection to maintain
consistent levels of back-exchange of deuterium to hydrogen from the quench buffer. Samples
were injected into a Waters SYNAPT G2 QTOF LC/MS system. Initially, the sample was
loaded onto a column containing immobilized pepsin, in 0.1% TFA , at 1°C for digestion of the
protein into peptides. Digested peptides were then loaded onto a C18 reverse-phase column with
the same buffer and temperature conditions. Peptides were eluted using a gradient into a high
acetonitrile concentration. Separated peptides were then analyzed by time-of-flight MS.
2.4.3 Data analysis

Initial samples of WT and D3GXG protein were analyzed by tandem MS to identify
peptides of interest. ProteinLynx Global SERVER (Waters) software was primarily used for
assigning peptides along with manual screening of spectra for additional peptides and confirming
assignments. Most peptides were common among all mutants, and peptides containing a
mutation (but identical otherwise) were generally found eluting at slightly different retention
times. Certain mutations altered the pepsin digestion pattern, but suitably similar peptides were
identified for qualitative comparisons. MassLynx (Waters) software was used to align spectra of

various time points at the appropriate retention times, and HX-Express2 (Guttman et al. 2013)
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was used to extract and quantify the isotopic distribution of each spectrum. The deuteration level
at each time point was calculated from deuteration levels of undeuterated and fully deuterated
spectra for each peptide. Briefly, the HX-Express2 program fits the spectrum at each time point
to a binomial distribution expected for that peptide (different numbers of amides). In cases
where the fit was very poor due to very broad isotope distributions, an alternative fitting was
used to a bimodal distribution, representing two distinct deuteration states of the peptide at a
given time point (Figure 2.3b). Specifically, deuteration levels are provided for both states as
well as relative proportions of each state. In most cases the bimodal behavior was clearly visible
in the spectrum. However, if the two states were similar in deuteration levels and therefore
overlapping considerably or one state was lowly populated (< 10%), the exact values reported
are less reliable and are not over-interpreted in the subsequent analyses.
2.5 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 50 mM sodium phosphate, 100 mM
NaCl, 0.5 mM EDTA, pH 7.5 buffer. Spectra were collected at 30°C, which was the optimal
temperature for increased signal and limited breakdown.
2.5.1 Triple resonance experiments for assignments

Several TROSY-based triple resonance experiments were implemented to assign peaks in
the D3GXG and D3/176del spectra to particular residues. HNCO, HN(CA)CO, HNCA,
HN(CO)CA, HNCACB, HNCB, and HNCOCANNH (“NNH”) experiments all provided useful
spectra for the assignment process. Non-uniform sampling (NUS) at a sampling rate of 25% was
used for longer experiments to reduce the time required for the same level of signal-to-noise.

For NUS datasets, an iterative soft threshold algorithm was used to reconstruct full spectra
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(Hyberts et al. 2012). A maximum protein concentration of 600 uM was used as inter-dimer
interactions were evident at higher concentrations (many peaks broadened).
2.5.2 Intensity and CSP analysis of 2D spectra

To measure intensities and positions of peaks in 2D spectra, NMRView]J was used
(Johnson 2004). The following equation was used to calculate chemical shift perturbations

(CSPs) between peaks in two spectra:

CSP = \/(64)% + (6y/5)2

2.5.3 Paramagnetic relaxation enhancement

Spin-label constructs were made with a D3/176del/C137S background and cysteines
introduced at positions throughout the NTR, one at a time. Samples were prepared in 50 mM
sodium phosphate, 100 mM NaCl, 0.5 mM EDTA, pH 7.5 buffer and 10 mM DTT to fully
reduce all cysteines. Reducing agent was then removed from protein samples using a desalting
column. Immediately after removing reducing agent, 5X molar excess (1-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 (Figure 2.4). Excess MTSL was
then removed from the labeled protein using a desalting column. The resulting NMR samples
contained ~400 uM protein. 2D "H-""N HSQC-TROSY spectra were collected for each spin-
labeled mutant protein. The unpaired electron of the 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.
2.5.4 Methyl-TROSY

Ile-8-methyl 'H-""C labeled protein was buffer exchanged into D,O-based 50 mM sodium

phosphate, 100 mM NaCl, 0.5 mM EDTA, pH 7.5 buffer. The limited amount of each protein

37



was concentrated to at least 300 uM for maximum signal-to-noise. 'H-">C-HMQC spectra were
collected in the “methyl” region, centered around 1 ppm (‘H) and 12 ppm ("°C), over the course

of several days at 37°C.
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Table 2.1- HSPB1 constructs used in this thesis. Mutations are listed for each region of the
protein- NTR, ACD, and CTR.

Mutant name NTR ACD CTR
mutations mutations mutations
Mutation Single S15D, S78D, or S82D - -
of phosphorylation
interacting mimic
regions
& Double S15D/S78D, S15D/S82D, or - -
phosphorylation S78D/S82D
mimic
D3 S15D/S78D/S82D - -
GXG - - 1179G/1181G/V183G
Single S15D, S78D, or S82D - 1179G/1181G/V183G
phosphorylation
mimic/GXG
D3GXG S15D/S78D/S82D - 1179G/1181G/V183G
HDXMS C137S - C137S -
constructs
D3GXG/C137S S$15D/S78D/S82D C137S 1179G/1181G/V183G
NMR D3/176del S$15D/S78D/S82D Truncate after S176
constructs
D3/176del/ S$15D/S78D/S82D C137S Truncate after S176
C137S
Spin label on T2C, S65C, S74C, OR T91C C137S Truncate after S176
D3/176del/ S$15D/S78D/S82D
C137S
Disease Disease mutant G34R, P39L, E41K, OR G84R - -
mutant
constructs | Disease mutant/ | G34R, P39L, E41K, OR G84R C137S T174C
fluorophore
labeled
Disease mutant/ | G34R, P39L, E41K, OR G84R C137S -
C137S
Disease mutant/ | G34R, P39L, E41K, OR G84R 1179G/1181G/V183G
D3GXG S$15D/S78D/S82D
Disease mutant/ | G34R, P39L, E41K, OR G84R C137S 1179G/1181G/V183G
D3GXG/C137S S$15D/S78D/S82D
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Figure 2.1- Schematic of procedure for making methyl-labeled perdeuterated protein.
There are numerous steps to acclimate E. coli cells to fully deuterated media. Acclimation is
accomplished in stages with increasing volumes of media. The exact schematic is for methyl-
labeling perdeuterated protein, but the same process is used for uniformly labeled perdeuterated
proteins except that amino acid precursors are not added and the final culture is grown to a
higher optical density before induction.
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Figure 2.2- Properties of the fluorophore used for subunit exchange experiments. Alexa
Fluor 488 maleimide (Thermo Fisher) was attached to cysteines on HSPB1. (a) Chemical
structure of Alexa Fluor 488 maleimide and attachment point to a cysteine on a protein. The
cysteine-maleimide bond is resistant to some reducing agents, such as TCEP. (b) Excitation and
emission spectra for the fluorophore, showing substantial overlap (taken from Thermo Fisher
Spectra Viewer). (c) Experimental design for measuring subunit exchange among sHSP
oligomers. At high local concentrations (in an oligomer), fluorescence is quenched via homo-
FRET. Fluorophore-labeled oligomers are mixed with unlabeled oligomers and the resulting
dequenching is measured with time.
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Figure 2.3- Schematic for HDXMS experiment and analysis of bimodal peptides. (a)
Protein is incubated in D,0-based buffer for different lengths of time. The reaction is quenched
with acid on ice and flash frozen. Quenched protein samples are digested along a pepsin column
and resulting peptides are separated along an acetonitrile gradient on a reverse-phase C18
column. Peptides are then analyzed by TOF-MS. (b) For many sHSP-derived peptides, bimodal
distributions were observed and spectra were deconvoluted into two populations with different
deuteration levels.
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Figure 2.4- MTSL spin label used for NMR-PRE experiments. The unpaired electron of the
nitroxide is sterically protected by flanking methyl groups. The thiosulfonate ester reacts with a
cysteine on a protein, leaving behind sulfinic acid. The resulting disulfide bond is vulnerable to
any reducing agent.
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3. HSPB1 OLIGOMERIZATION IS MODULATED BY THREE TYPES OF
INTERDEPENDENT INTERMOLECULAR INTERACTIONS

sHSPs that form large oligomers have three major types of intermolecular interactions-
ACD-ACD, ACD-NTR, and NTR-NTR. All three types of interaction have been demonstrated
or implied in HSPB1 oligomers. The following is an examination of how perturbations to each
of these types of interaction structurally and functionally impact HSPB1. Combinatorial effects
of perturbing mutations are also explored to understand the interplay of interaction types.

3.1 Phosphorylation-mimicking mutations in the NTR alter local structure and lower
oligomeric propensity
3.1.1 WT and the triple phosphorylation mimic (“D3”)

There are three conserved (among orthologs) phosphorylation sites in HSPB1, all located
within the NTR (Figure 1.4- S15, S78, and S82). Numerous studies have demonstrated for
HSPB1 and other human sHSPs that phosphorylation of these sites or phosphorylation-
mimicking mutations (to Asp or Glu) shift the average oligomeric size toward smaller states.
The triple phosphorylation mimic (“D3”- S15D, S78D, and S82D) is used to mimic a hyper-
phosphorylated state of HSPB1.

The quaternary structure, or oligomeric size, of sHSPs is routinely characterized by size-
exclusion chromatography (SEC). In this method, molecules of larger hydrodynamic radii elute
earlier than those with smaller radii. Therefore SEC does not provide an actual measurement of
the mass of a protein or complex but instead depends upon shape of the molecule. SEC can be
used to compare sizes (implying number of subunits) of different sHSP oligomers with the
assumption that the oligomer shape and density of subunits (loosely or tightly packed in an

oligomer) have not changed dramatically. Figure 3.1a shows SEC elution profiles of WT and D3
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HSPBI1 oligomers that are injected onto a column at high (100 uM, monomer concentration) and
low (20 uM) concentrations. It should be noted that protein samples become diluted while
traveling through a column. As HSPBI oligomers are dynamic, they rapidly re-equilibrate
during SEC. Therefore the HSPB1 elution profiles do not precisely measure the states of these
proteins at the injected concentrations but rather represent their behavior at high concentrations
approaching 100uM and at lower concentrations approaching 20uM. WT oligomers elute early
(~13 mL) at both high and low concentrations, and at lower concentrations there is only a slight
shift right towards slightly smaller species. Therefore the average oligomeric size is relatively
“stable” at these concentrations common for SEC. The D3 mutant oligomers elute much later
(~16 mL) relative to WT. At the lower concentration, the D3 profile shifts moderately to the
right towards smaller species. Therefore the D3 mutant undergoes changes in quaternary
structure within this concentration range. For both proteins, the eluted peaks are very broad,
which indicates the presence of a range of differently sized species. Both WT and D3 oligomers,
though different in average oligomeric size, show a high level of polydispersity (a range of
multimers coexisting) under these conditions.

The overall secondary structure of WT and D3 HSPB1 oligomers was probed by circular
dichroism (CD) spectroscopy. Far-UV CD provides an average of secondary structure in a
protein, with distinct spectral features attributable to a-helical, -sheet, and random coil
structure. While it is possible to quantify structural features for small proteins and peptides,
analysis is far less accurate for proteins of longer sequences. Each secondary structure type
differs in the maximum intensity of mean residue ellipticity (MRE, normalized for protein
concentration and number of residues). A protein or peptide that is primarily helical will yield a

CD profile with minima reaching -30,000 MRE. Conversely, 3-sheet and disordered proteins
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will generally not reach minima below -10,000 MRE. Additionally, a-helical and -sheet
profiles sharply increase around 200 nm (very positive), while the minimum for random coil (-
10,000 MRE) is at 200 nm. Figure 3.1b shows far-UV CD profiles of WT and D3 oligomers and
the truncated ACD-only construct (dimer) at a concentration of 20 uM (protomer concentration).
ACD-only HSPBI has a typical -sheet profile (minimum around 218 nm), consistent with
known ACD structures, including solved structures of HSPB1. Full-length WT HSPB1 appears
to have a mixture of all three secondary structure types (., 3, and random coil). The ellipticity
increases in absolute intensity and reaches local minima around 208 nm and 220 nm, typical of
a-helical structure. This observation is consistent with predicted helical structure in the NTR
and modeling of helices in HSPBS structural models (Braun et al. 2011; Jehle et al. 2011). The
WT profile only reaches a minimum of -3,000 MRE around 220 nm, indicating that there is not a
large proportion of a-helical structure. The very small intensity at 200 nm (500 MRE) suggests
there are disordered regions negating the expected high intensity at this wavelength.

The D3 mutant is different throughout the spectrum relative to WT protein. D3 shows a
very distinct positive signal around 230 nm, a feature that is not attributable to any standard
secondary structure formation. Instead, this unusual feature is more likely explained by
formation of an exciton couplet between two tryptophan side-chains (Grishina and Woody
1994). Specifically, aromatic rings in close proximity to each other can interact and yield this
type of CD signal. HSPBI has six tryptophans (bold in Figure 1.4), five of which are in the NTR
with the remaining tryptophan at the very beginning of the ACD (W95). Therefore, most likely
there is a rearrangement of tryptophans in the D3 mutant such that two become close in
proximity in the smaller oligomeric state. The local structural implications of a possible exciton

couplet are explored and discussed further in the next chapter. The increase in ellipticity at 200
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nm for D3 relative to WT suggests that there is a loss of disordered structure and gain of o or 3
structure. There were no notable changes in the CD profiles of either WT or D3 protein at higher
concentrations with respect to profiles at lower concentrations (data not shown).

The triple phosphorylation-mimicking mutant of HSPB1 (D3) forms smaller oligomers
than WT, but there is still polydispersity in the range of oligomeric species observed. The
phosphorylation mimicking mutations or the induced change in quaternary structure results in
altered secondary structure relative to WT. Furthermore, at least two tryptophans adopt a
different orientation in D3 oligomers and provide a structural feature that is easy to monitor. The
underlying cause (mutation of an involved residue or oligomeric state) of changes in local
structure is determined in the following sections.

3.1.2 Single phosphorylation mimics

To determine if global and local structural changes are dependent upon specific
phosphorylation-mimicking mutations, single phosphorylation mimics (S15D, S78D, or S82D)
of HSPB1 were analyzed by SEC and CD. Figure 3.2a shows SEC elution profiles of each
mutant at high and low concentrations (injected at 100 uM and 20 uM). At the higher
concentration, all single phosphorylation mimics elute similarly to WT (~13 mL) but with a
later-eluting shoulder. At lower concentration, single phosphorylation mimics predominantly
elute later (~16 mL), closer to the D3 profile, with a substantial shoulder eluting earlier (~13
mL). The simplest explanation for these results is that phosphorylation-mimicking mutations
induce dissociation of oligomers into a distinct class of smaller oligomers (D3-like). The
exchange between WT-like and D3-like oligomeric states is very slow as it is observable by
SEC, where an experiment takes ~30 minutes at room temperature. In general, if exchange

among states is slower than the time required to take a measurement by a particular method,
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distinct states can be observed. Additionally, all single phosphorylation mimics have very
similar SEC profiles and presumably have similar oligomeric properties.

CD profiles of single mutants are shown in Figure 3.2b. Each single phosphorylation
mimic at both high (not shown) and low concentrations shows little change in their CD profile
relative to WT protein. Even though the SEC results show that a proportion of single
phosphorylation mimics exist in a smaller D3-like state, there is no positive peak in their CD
spectra at 230 nm as observed for D3. Together the data indicate that there are no detectable
local structural changes with single phosphorylation mimicking mutations, despite partial
oligomer dissociation toward a D3-like state.

3.1.3 Double phosphorylation mimics

To further probe specific effects of phosphorylation-mimicking mutations, the three
possible combinations of double phosphorylation-mimicking mutations (S15D/S78D,
S15D/S82D, or S78D/S82D) were analyzed by SEC and CD in an identical manner to the single
mutants. Figure 3.3a shows SEC elution profiles for each double mutant injected at 100 uM and
20 uM (monomer concentration). At low concentration, the double phosphorylation-mimics
elute late, similar to the D3 mutant (~16 mL). At high concentration, each double mutant elutes
broadly with species at WT-like and D3-like volume. However, the relative proportions of large
and small oligomers vary among the double mutants. S15D/S78D at 100 uM elutes almost
entirely around the later 16 mL position. S78D/S82D at 100 uM shows a slight majority of
protein eluting earlier. S15D/S82D elutes with large/small oligomer proportions intermediate
relative to the proportions seen in the other two double mutants. Although the same trends are

observed for each double mutant, the intensity of the effect is variable depending upon the pair
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of mutations. The less pronounced effect on dissociation for the S78D/S82D mutant could be
due to redundancy of the two mutations in close proximity.

CD profiles of the double mutants at high and low concentrations are shown in Figure
3.3b. Double phosphorylation mimics partially adopt the D3-like secondary structure profile
with the positive 230 nm peak. At lower concentration, where SEC shows predominantly
smaller oligomers, each double mutant is highly D3-like in its CD spectrum. At high
concentration, the CD profiles of the double mutants are more WT-like. The magnitude of
change from WT-like to D3-like secondary structure is different among double mutants and
correlates with their ability to cause large oligomers to dissociate into smaller species.
Specifically, the S15D/S78D mutant, which has a large proportion of small oligomers at low
concentration relative to the other double mutants, has fully D3-like secondary structure at low
concentration and partial D3-like structure at high concentration. The S78D/S82D mutant,
which has the highest proportion of large oligomers of the three double mutants, has only partial
D3-like secondary structure at low concentration and retains WT-like structure at high
concentration.

Local structural changes correlate strongly with the average oligomeric size of
“phosphorylated” HSPB1, suggesting that small HspB1 oligomers have distinct secondary
structure elements relative to large oligomers. Although each phosphorylation site might be
associated with different degrees of oligomer dissociation, there appears to be a common
mechanism of effect (global and local structural changes) among the phosphorylation sites.
3.1.4 Mixing different phosphorylation mimics

To further demonstrate the independence of specific phosphorylation-mimicking

mutations on size effects, different single mutants were mixed and analyzed by SEC. If a
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particular phosphorylation site in one protomer were strongly influenced by the same or different
phosphorylation site in a neighboring protomer, then mixing the two mutant proteins to form
hetero-oligomers would presumably lead to an oligomeric distribution different from that of each
individual mutant. For example, if SI5D in one protomer experienced charge repulsion from
S78D in a neighboring protomer, then mixing these two mutants would lead to further
dissociation of the total population. Conversely, if SI5D were repulsed by a neighboring S15D,
then mixing in a phosphorylation mimic without S15D might cause a “rescue” effect and result
in larger oligomers. Figure 3.4 shows the SEC profiles of all three possible single
phosphorylation-mimicking mixtures (1:1) injected at 100 uM and 20 uM (total monomer
concentration). No substantial shifts in the elution profile were observed for any combination of
single phosphorylation mimics. This result suggests that phosphoryl groups or mimicking
mutations in different protomers do not interact in a manner that alters the distribution of
oligomeric states.

Examination of the local (secondary) and global (quaternary) structure of all
combinations of HSPB1 phosphorylation-mimicking mutants reveals a common mechanism of
oligomer dissociation and subsequent change in local structure. With an increasing number of
mutations, mimicking higher levels of phosphorylation, smaller oligomers are favored.
Dissociation of large oligomers is accompanied by local structural changes as observed by the
appearance of a distinct CD signal. These effects are generally phosphorylation-site
independent, although the extent of structural changes varies slightly among mutants. Hetero-
oligomers of different phosphorylation mimics do not exhibit properties different from their
homo-oligomeric counterparts, suggesting that sites of mutation (i.e. phosphorylation) do not

directly interact among protomers in an oligomer.
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3.2 Changes in redox state of the ACD alter oligomeric properties

Among the structurally characterized human sHSPs, it is assumed that the ACD-ACD
interaction has the strongest affinity, among the other types of interaction. The affinity of this
interaction has been measured for ACD-only HSPBS, which is 2uM at 25°C, and ACD-only
HSPBI1 is > 90% dimeric at 100 uM, implying a low uM affinity (Rajagopal et al. 2015a and b).
HSPBI1 has a cysteine in the §6+7 strand that can form a disulfide bond with its symmetry-
related neighbor under non-reducing conditions along the f6+7/36+7 dimer interface. As the
redox state of a cell changes with stress, the formation or reduction of the HSPB1 disulfide bond
could have physiological relevance. The disulfide bond also provides a useful tool for studying
the behavior of HSPB1 with the ACD-ACD interaction interface covalently linked or free to
exchange. The default conditions for all experiments presented in this thesis are non-reducing
unless specified as having a reducing agent present (DTT or TCEP) or utilizing a C137S
mutation to mimic the reduced state of HSPB1. Non-reducing conditions are maintained
throughout the purification of HSPB1. The presence of oxidized protein (usually > 90%) is
confirmed at the end of the purification by non-reducing SDS-PAGE analysis. Therefore “non-
reducing” and “oxidized” terms are used interchangeably below in regards strictly to HSPB1.

To determine the impact of redox state at the dimer interface on oligomeric propensity,
several phosphorylation-mimicking mutants of HSPB1 were analyzed by SEC under reducing
(with DTT) and non-reducing conditions. Figure 3.5 shows SEC profiles of representative single
and double phosphorylation mimics (S15D and S15D/S78D) under reducing and non-reducing
(“oxidized”) conditions. The injection concentrations that yielded the largest elution shifts are
shown. The intermediate phosphorylation mimics under reducing conditions show a dramatic

shift in their distribution equilibrium of oligomeric states toward larger, WT-like oligomers
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(~13-14 mL). In contrast, WT HSPB1 does not appear to substantially change in its oligomeric
propensity between reduced and oxidized states under these conditions (data not shown).
Therefore the ability of HSPB1 subunits to exchange at the ACD-ACD dimer interface under
phosphorylation mimicking conditions leads to a larger average oligomeric state. Under stress
conditions that generate phosphorylated HSPBI1, the distribution of oligomers may depend on the
oxidation state of the cell, which also changes under stress. This is a possible case of interplay
between stress-regulated structural transitions in HSPB1.
3.3 Disruption of the CTR IXI motif is associated with larger, more polydisperse oligomers

The ACD of HSPB1 has been shown to bind a peptide consisting of the HSPB1 CTR
sequence, including the IXI motif, via its $4/B8 groove (Hochberg et al. 2014). IXI motifs have
been shown to bind the same groove in several other sHSPs, implying a conserved interaction
(Delbecq et al. 2012; Sluchanko et al. 2017). However, it has been shown in HSPBS5 that only a
small population of the CTRs in an oligomer is in a bound state (Baldwin et al. 2012). Mutation
of isoleucines and valines in the IXI motif to glycines inhibits this ACD-CTR interaction
(“GXG” mutation).

To probe structural changes in HSPB1 when the ACD-CTR interaction is perturbed, the
GXG mutation was introduced into the IXI motif. HSPBI1 contains an extended IXI motif,
therefore the mutations [179G/I1181G/V 183G were used. Figure 3.6a shows the SEC profile of
GXG HSPBI1 relative to WT, injected at 50 uM (monomer concentration). The GXG mutant
elutes early (~11-12 mL) relative to WT, indicating formation of oligomers with larger
hydrodynamic radii on average. The increase could be due to a change in shape and/or number
of subunits in the average oligomer. The GXG peak is even broader than the WT profile,

suggesting that an even greater range of oligomers are formed. Figure 3.6b shows the far-UV
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CD profile of the GXG mutant relative to WT HSPB1. The GXG mutant shows a general
decrease in ellipticity in its CD spectrum relative to WT. Its CD profile is more similar to that of
the ACD-only construct, suggesting that there is a loss of helical structure in the NTR and/or
CTR. In order to visualize the shapes of GXG oligomers, negative-stain electron microscopy
(EM) was used to compare WT and GXG oligomers. This study was limited to an EM-class
project and WT micrographs were collected and processed by a classmate. Representative
micrographs and class averages are shown in Figure 3.6c. WT HSPBI1 forms relatively spherical
oligomers of ~15nm diameter, consistent with previous EM reports (Haley et al. 2000). The
GXG mutant forms elongated oligomers of highly variable length but consistent width. The
width of the GXG oligomers is roughly the same diameter as that of WT oligomers.

These data support a model that loss of the ACD-CTR interaction causes the system to
“lose control” of oligomerization along at least one dimension. The remaining ACD-ACD and
NTR-NTR interactions hold oligomers together and define certain dimensions and curvature of
the oligomers, as seen by the consistent width between WT and GXG oligomers. Binding of the
IXI motif is likely responsible for constraining HSPB1 oligomeric size. The reduced helical
structure in the GXG mutant suggests that NTRs in these oligomers adopt altered local structure.
3.4 Combination of phosphorylation-mimicking and CTR mutations

A major goal of this thesis work was to identify a full-length mutant of HSPB1 that is
amenable to conventional solution-NMR studies (described in the next chapter), i.e. small and
monodisperse. The D3 mutant forms a range of small oligomers presumably held together by
ACD-ACD and ACD-CTR interactions. To try to obtain a more monodisperse protein,
phosphorylation-mimicking mutations and the GXG mutation were combined in a single

construct. Figure 3.7a shows the SEC profile of the D3 mutations coupled with GXG mutations
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(“D3GXG”). D3GXG elutes as a monodisperse peak (sharp and symmetric) slightly later than
small D3 oligomers. Even at high concentrations (injected 200 uM), this peak remains
monodisperse. Multi-angle light scattering (MALS), which provides a measurement of the
protein mass, coupled with SEC was used to confirm that the peak corresponds to a dimeric
species (Figure 3.7b). Figure 3.7¢ shows the far-UV CD profile of D3GXG relative to WT, D3,
and GXG forms of HSPB1. D3GXG has a nearly identical CD spectrum to D3 oligomers,
including the unusual positive 230 nm peak. Thus addition of the GXG mutation does not
appear to affect the average secondary structure. Therefore, D3GXG represents an extreme,
completely dispersed dimeric form of phosphorylated HSPBI.

To see if the GXG mutation could promote predominantly dimeric species of
intermediate phosphorylation mimics, single phosphorylation-mimicking mutations combined
with the GXG mutation were also analyzed by SEC and CD. Figure 3.8a shows SEC profiles of
S15D/GXG, S78D/GXG, and S82D/GXG mutants injected at 100 uM and 20 uM (monomer
concentration). Each mutant eluted at distinct volumes, suggesting that two very different
oligomeric states coexist for the combined mutants. Specifically, both large GXG-like and small
D3-like oligomers or even more monodisperse D3GXG-like dimers are observed. As expected
from study of the intermediate phosphorylation mimics, at lower concentrations the equilibrium
of phosphorylation/GXG mutants shifts toward smaller species. However, there is a more
pronounced ranking of dissociation effects depending on the site of phosphorylation. The
S15D/GXG mutant has the lowest propensity to form large, GXG-like oligomers, while
S82D/GXG has the highest propensity. This is consistent with the ranking of effects observed
for double phosphorylation mimics here and in other reports (Jovcevsky et al. 2015). Figure 3.8b

shows far-UV CD profiles of the same combinatorial mutants and high and low concentration.
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The single phosphorylation mimicking/GXG mutants adopt D3-like secondary structure. The
combinatorial mutants have a more D3-like CD profile if they form smaller oligomers by SEC.
For example, S§2D/GXG has a high proportion of large oligomers at high concentration, and the
230 nm peak in the CD spectrum is less pronounced at high concentration. These results are
consistent with the correlation of size and secondary structure of intermediate phosphorylation
mimics in the previous section.

The chaperone activity of mutants where specific oligomeric interactions are perturbed
was analyzed using an in vitro “chaperone assay”. Aggregation of the model client protein o.-
lactalbumin was triggered by reduction of disulfide bonds and subsequent destabilization of the
soluble, folded state. Absorbance at 360 nm increases due to light scattering as proteins
aggregate. Absorbance was measured as a function of time in the presence or absence of WT,
D3, GXG, D3GXG, S82D, or S82D/GXG forms of HSPB1 (Figure 3.9). WT, D3, GXG, and
S82D HSPBI1 slightly delay formation of aggregates. The D3 result is consistent with certain
previous reports that the extreme phosphorylated-mimicking state of HSPBI1 is not as effective a
chaperone as intermediate phosphorylation mimics (Rogalla et al. 1999). Combination of D3
and GXG mutations in the D3GXG mutant results in an extremely effective chaperone.
Although the representative single phosphorylation mimic S82D does not have increased
chaperone activity relative to WT, the S8§2D/GXG mutant does have increased activity.
Importantly, there is no direct correlation between chaperone activity and either oligomeric size
or local structure. A more likely explanation is different availability of possible client binding
sites in each mutant. In this model, the increased availability of NTR binding sites in a
phosphorylated state might only be beneficial for function if the f4/88 groove is also available

(GXG mutant) for client recruitment, and vice versa.
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The combination of mutations perturbing NTR-NTR and ACD-CTR interactions results
in proteins that favor distinctly different oligomeric states- very large GXG-like oligomers and
small D3-like oligomers. Changes in secondary structure correlating with quaternary structure
are consistent with results for phosphorylation mimics alone. There is evidently a synergistic
effect on chaperone activity when multiple potential client binding sites become exposed.
Combination of the triple phosphorylation mimic with GXG mutations yields a monodisperse,
highly active dimer that is structurally examined in detail in the next chapter.

3.5 Discussion of the interplay of inter-protomer interactions in HSPB1 oligomerization
3.5.1 Perturbation of NTR-NTR interactions

Phosphorylation is a common post-translational modification (PTM) of many proteins.
Kinases attach phosphoryl groups to typically serine, threonine, and tyrosine side chains. The
process is reversible by the action of phosphatases. Phosphorylation of a protein can alter its
structure, which can have a wide variety of effects depending upon the protein and
phosphorylation site. An enzyme might be activated or deactivated upon phosphorylation, or the
rate of a reaction might be modulated. For many proteins, and for the case of sHSPs,
phosphorylation alters protein-protein interactions. For the cases of sSHSP phosphorylation that
have been characterized, phosphorylation (or a phosphorylation mimicking mutation) generally
increases chaperone activity (or cell viability in in vivo assays) and decreases homo-oligomeric
propensity. The kinase/phosphatase system provides a rapid means of regulation of protein
function. HSPB1 is phosphorylated rapidly (within a few minutes) in response to stress in vivo
by two stress-upregulated kinases- MAPKAP kinases 2 and 3 (Larsen et al. 1997; Rogalla et al.
1999). Phosphorylation has been observed at all three sites in one subunit iz vivo under stress

conditions, based on the levels of phosphorylation relative to the amount of protein present. For
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the case of HSPB1, this form of regulation allows the available pool of HSPB1 proteins in a cell
to be activated for chaperone activity when a cell is under stress. Expression of HSPB1 is also
upregulated in response to stress, but this is a slower response (several minutes to hours).

Of all biochemical studies of HSPB1, phosphorylation is a widely covered topic.
Numerous studies have demonstrated changes in activity and quaternary structure for both
phosphorylated and phosphorylation-mimicking (Ser to Asp) forms of HSPB1. The studies
presented in this thesis indicate that with increasing phosphorylation-mimicking mutations in a
protomer, HSPB1 oligomers shift toward smaller species (Figure 3.10). Rather than a continuum
of species, two predominant oligomeric states, WT-like and D3-like, are observed for
intermediate phosphorylation mimics. Resolution of the states by SEC indicates that there is
very slow exchange between two predominant states. A recent study using native mass-
spectrometry (MS) quantified the number of subunits in HSPB1 oligomers and every
combination of phosphorylation mimic as a function of concentration (Jovcevski et al. 2015). It
was found that the triple phosphorylation mimic (D3) was predominantly dimeric at the
concentrations examined (<50 uM). The single phosphorylation mimics most commonly formed
14-mers but still maintained a broad distribution of species. The double phosphorylation mimics
adopted an even broader distribution that is shifted toward smaller species. Although the mass
spectrometry analysis did not yield two classes of oligomers of different numbers of subunits,
their SEC analysis did show similar partitioning of eluting species for intermediate
phosphorylation mimics as is demonstrated in this thesis. This discrepancy could indicate very
different shapes of oligomers of the same mass, resulting in two peaks by SEC elution. Although
a 14-mer sHSP oligomer could be constructed via many different arrangements of subunits,

analysis of phosphorylation-mimicking HSPBS provides insight into possible architectures
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(Peschek et al. 2013). The triple phosphorylation mimic of HSPB5 was analyzed by cryo-EM.
The protein predominantly adopted 6-mer and 12-mer structures. The hexamer fit well with an
arrangement of three ACD-ACD dimers linked via CTR-ACD interactions, with NTRs
interacting between only two neighboring protomers. The 12-mer fit well with two of these
hexameric rings interacting, presumably via NTRs. HSPB1 when phosphorylated might adopt
similar arrangements of protomers. EPR studies of the NTR between WT and D3 oligomers
show the NTR to be more flexible in the phosphorylation-mimicking state (McDonald et al.
2012). Therefore, it is likely that HSPB1 when phosphorylated dissociates into smaller
oligomers with their NTRs more exposed.

Phosphorylation of the NTR in oligomeric sHSPs generally correlates with both
increased NTR exposure and increased chaperone activity. In HSPBS, phosphorylation-
mimicking mutants are more active chaperones relative to WT (lengthening the lag phase before
aggregation) with some client proteins (Peschek et al. 2013). Intermediate phosphorylation
mimics of HSPBI increase chaperone activity relative to WT for some client proteins (Jovcevski
et al. 2015). For these client proteins, the triple mutant (D3) is the most effective chaperone.
However, in some studies the D3 mutant is a poorer chaperone relative to WT, while the
intermediates remain strong chaperones (Rogalla et al. 1999). Although the chaperone activity
of intermediate phosphorylation mimics with our model client, a-lactalbumin, was not explored
in-depth in this thesis, the D3 and S82D mutants had only similar activity to WT. It is likely that
increased exposure of the NTR presents more hydrophobic binding sites for client proteins.
Therefore, if chaperone function of sHSPs requires interaction of the NTR with client proteins,
then phosphorylated states would generally be more active. There are many possible reasons for

differences in function for certain model client proteins and the extreme phosphorylation-
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mimicking state of HSPB1. Different client proteins likely have different preferences for
interacting regions of a sHSP (NTR vs. $4/B8 groove). Also, too many or too strong
hydrophobic interactions between NTRs and client proteins might promote aggregation and
negate chaperone effects. Therefore multiple phosphorylation sites in an oligomeric sHSP
provide a means to broadly regulate their function, avoiding sHSP-client interactions when they
are not needed.

sHSPs are implicated in numerous other cellular pathways outside of directly aiding in
preventing aggregation (cytoskeleton, apoptosis, muscle proteins, etc.). Therefore,
phosphorylation of sHSPs might regulate additional functions. Some sHSPs that do not form
large oligomers (HSPB6 and HSPBS8) also have phosphorylation sites in their NTR. In these
cases, phosphorylation must serve a purpose other than control of oligomeric size.
Phosphorylated HSPB6 was found to interact with a 14-3-3 protein, a key type of protein for
modulating protein-protein interactions (Sluchanko et al. 2017). A reported crystal structure of
the HSPB6/14-3-3 protein complex has residues of the NTR of HSPB6, including a
phosphorylation site, bound in a pocket of a 14-3-3 protein. Similarly, HSPB8 has been shown
to interact with BAG3, a stress-inducible protein important for coordinating many protein-
protein interactions (Rauch et al. 2017). In particular, BAG3 brings together and modulates the
activity of HSPB8 and HSP70, two different types of chaperone. However, phosphorylated and
certain phosphorylation-mimicking mutants of HSPB8 have decreased activity relative to WT
protein for some client proteins (Shemetov et al. 2011). Therefore phosphorylation can regulate
interactions between sHSPs and aggregating client proteins as well as other cellular targets. For
HSPBI1, changes in secondary structure correlate with oligomeric size independent of the site of

phosphorylation-mimicking mutation. It is unknown if phosphorylation directly promotes
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dissociation (e.g. sterics or charge repulsion) and if secondary structure changes are a secondary
effect. Conversely, phosphorylation might promote altered secondary structure that can only be
accommodated in a smaller oligomeric state (e.g. NTRs are less restrained). Therefore, the
mechanism of regulation by phosphorylation could be both indirect, by dissociation of oligomers
and a resulting increase in binding surfaces, and direct, by altering the local structure of the NTR
to conformations that favor certain interactions.
3.5.2 Perturbation of the inter-subunit ACD-CTR interaction

An IXI motif is found in the CTR of many human sHSPs (HSPB1, 2, 4, 5, and 7) and has
been shown to bind the $4/B8 groove of the ACD for some of these sHSPs. A crystal structure
of truncated ACD-only HSPB1 shows a peptide mimicking the CTR (including the IXI motif) of
HSPBI1 binding the 34/8 groove (Hochberg et al. 2014). Similarly, truncated ACD-only
HSPBS has been shown to bind its CTR-mimicking peptide via the analogous groove and it fails
to bind a similar peptide with the IXI motif mutated to GXG (Delbecq et al. 2012). In WT
HSPBS oligomers, the IXI region of the CTR is observed bound to 34/B8 grooves of neighboring
protomers by NMR and included in oligomeric models (Braun et al. 2011; Jehle et al. 2011).
However, solution- and solid-state NMR studies focusing on the CTR of HSPBS in the
oligomeric context demonstrate that the bound population of IXI motifs varies widely with
temperature (Baldwin et al. 2011 and 2012). At sub-freezing temperatures, both bound and
unbound states of the CTR are observable by solid-state NMR. At above freezing temperatures,
the unbound state is predominantly observed by both solution- and solid-state NMR. Therefore,
it is believed that not all types of interaction occur in full for one subunit in an oligomer.
Oligomers are instead held together by only a fraction of the possible inter-subunit interactions

that have been characterized.
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Mutation of the conserved IXI motif in the CTR to GXG in HSPB1 presumably abrogates
interaction of the CTR and ACD. Paradoxically, perturbation of this ACD-CTR interaction
results in formation of very large oligomers (Figure 3.10) as seen by SEC. This result is
consistent with a study examining a truncated form of HSPB1, where residues 182-205 of the
CTR were removed (includes the end of the IXI motif), resulting in formation of larger
oligomers (Lelj-Garolla and Mauk 2012). There are also disease-associated truncations of the
CTR reported for HSPB1 (T174-stop) and HSPBS5 (G154-short tail due to frameshift), but there
has been no biochemical characterization of these mutants (Datskevich et al. 2012). Negative-
stain EM of the GXG mutant shows formation of elongated oligomers of highly variable length.
However, the narrow diameter of the elongated oligomers remains the same, ~15 nm, which is
consistent with the average diameter of WT HSPB1 oligomers. Therefore, abrogating the ACD-
CTR interaction (with the ACD-ACD interaction disulfide linked) might promote NTR-NTR
interactions. There is a delicate balance of these types of interactions that maintains a controlled
range of oligomeric species. The resulting NTR-NTR interactions in the variably elongated
oligomers are likely less restrained and might adopt additional orientations. The GXG oligomers
have an average secondary structure different from WT as seen by CD. Specifically, the GXG
mutant has more ACD-only-like secondary structure with a loss of helical content. Bound and
unbound forms of the unstructured CTR likely would not produce different CD spectra, therefore
the change in secondary structure is likely due to altered NTR structure (loss of helical structure)
in the elongated oligomers. Although the GXG mutation presumably results in increased

availability of f4/B8 grooves, this mutant does not have increased chaperone activity with the

model client protein a-lactalbumin. The chaperone activity of the 182-205 truncation mutant
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(Lelj-Garolla and Mauk 2012) is temperature dependent for a model client protein, with activity
only observed at higher temperatures.

There are several single-point disease-associated mutations reported in the CTR of
human sHSPs that might result in similar structural changes to those of the GXG mutant,
although few have been characterized biochemically or structurally. Mutations in or near the IXI
motif are reported in HSPB1 and HSPBS. In HSPBS, R157H has been reported in patients with
cardiomyopathies. The IXI motif of HSPBS5 begins at position 159, therefore this mutation could
likely impact the ACD-CTR interaction. In HSPB1, the mutations T180I, P182L, P182S, and
S187L have been reported in patients with motor neuropathies (lHMN) (Echaniz-Laguna et al.
2017; Datskevich et al. 2012). Two of these mutation sites are within the elongated IXIXV motif
at the “X” sites and could affect binding. SEC analysis of two of these mutant oligomers reveals
little change in quaternary structure for the T180I mutant and a large increase in average size for
the P182L mutant (Chalova et al. 2014). Prolines are often found in the “X” position in sHSP
IXI motifs. Prolines are unique relative to other residues in that there is a substantial propensity
(up to 15%) for the preceding peptide bond to be in a cis conformation. The cis conformation is
rarely observed in peptide bonds between other residues. Cis/trans proline isomerization
essentially alters the relative orientation of flanking regions, possibly resulting in large structural
changes. Cis/trans proline isomerization was reported for P194 in the CTR of HSPBI
oligomers, well beyond the IXI motif (Alderson et al. 2017). Proline isomerization was also
observed for P182 in the context of a peptide mimicking the CTR. Therefore, mutation of
prolines or nearby residues in the CTR of sHSPs could alter local structural propensities that

affect the ACD-CTR interaction.
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3.5.3 Combinatorial effects of perturbing NTR-NTR and ACD-ACD interactions

Changes in oligomerization propensity were explored as a function of redox state at the
ACD-ACD dimer interface. A cysteine naturally occurs at position C137 in the HSPB1 dimer
interface. Under non-reducing conditions, a disulfide bond readily forms and can be observed
via non-reducing SDS-PAGE. Although the cytoplasmic environment is generally reducing,
certain stressors can change the environment toward more oxidizing. Therefore, the disulfide
bond in HSPB1 could provide an additional level of stress regulation. WT oligomers do not
substantially change average size between reduced and oxidized states. The most intense effects
were seen for intermediate phosphorylation mimics, where multiple distinct oligomeric states are
observable by SEC. For single and double phosphorylation mimics, reducing the disulfide bond
at the dimer interface shifts the proportions of oligomeric states, favoring the larger state (Figure
3.10). Therefore, exchange at the dimer interface appears to promote NTR-NTR interactions.

Numerous studies have probed the effects of disease-associated mutations and changes in
pH at the dimer interface of human sHSPs. In HSPB1, S135F/M, R136W/L, R140G, and
K141Q mutations at the dimer interface have been reported in dHMN and CMT-2 patients
(Datskevich et al. 2012). In HSPB4, HSPBS, and HSPBS8, mutations analogous to R140G in
HSPBI have been reported (R116C/H, R120G, and K141E/T/N, respectively). Many of these
mutants have been characterized biochemically and generally show changes in quaternary
structure and chaperone activity. Detailed studies on the effects of pH changes on HSPB1 and
HSPBS structure and function showed dramatic global effects resulting from perturbation of the
ACD-ACD dimer interface (Clouser and Klevit 2017; Rajagopal et al. 2015b). Specifically, a
conserved histidine in the ACD was shown to be a pH-sensitive switch. Slightly lowered pH (in

the range of 6.5 to 7.5, consistent with cellular acidosis) destabilizes the ACD-ACD interaction.
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Mutating this histidine to lysine mimics a permanently protonated, low-pH state. The resulting
chaperone activity of the low-pH-mimicking mutants in the full-length context is increased. For
both the mimicking mutants and WT HSPB1 and HSPBS at low pH, larger oligomers are
formed. Therefore multiple types of perturbations to the ACD-ACD interface alter sHSP

oligomeric properties and chaperone function.
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Figure 3.1- SEC and CD profiles of WT and D3 HSPB1 oligomers and ACD-only. (a)
100uM or 20uM samples of WT or D3 protein (monomer concentration), in S0mM
NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer were incubated at 37°C for one hour. Samples
were then injected onto an SEC column (24 mL Superose6) at room temperature. WT oligomers
elute much earlier than D3 oligomers, indicating the presence of much larger oligomers. (b)
20uM samples of WT, D3, and ACD-only protein in 25mM NaPi/50mM NaCl/0.25mM
EDTA/pH7.5 buffer were analyzed by far-UV CD spectroscopy at 20°C. Samples were
incubated at room temperature for 3 hours prior to measurement. The ACD-only has a typical 3-
sheet profile. WT and D3 show an increase in helical content (low points around 208 and 222
nm) relative to the ACD-only. The D3 mutant shows distinct changes in secondary structure
relative to WT, particularly in the appearance of a positive peak around 230 nm.
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Figure 3.2- Concentration dependence of SEC and CD profiles of single phosphorylation
mimics of HSPB1. (a) S15D, S78D, and S82D mutants were incubated at 100uM and 20uM
(monomer concentration) in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer at 37°C for
one hour. Samples were then injected onto a SEC column (24 mL Superose6) at room
temperature. WT and D3 traces (identical for Figure 3.1a) are shown for comparison. 100uM
single phosphorylation mimics elute only slightly later than WT with a small shoulder after.
20uM single phosphorylation mimics elute over a broad volume in two humps- one near WT
elution and one near D3 elution. (b) 20uM samples of single phosphorylation mimics in 25mM
NaPi/50mM NaCl/0.25mM EDTA/pH?7.5 buffer were analyzed by far-UV CD spectroscopy at
20°C. Samples were incubated at room temperature for 3 hours prior to measurement. Even at
20uM, where smaller oligomers are present, single phosphorylation mimics adopt WT-like
secondary structure.
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Figure 3.3- Concentration dependence of SEC and CD profiles of double phosphorylation
mimics of HSPB1. (a) S15D/S78D, S15D/S82D, and S78D/S82D mutants were incubated at
100uM and 20uM (monomer concentration) in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5
buffer at 37°C for one hour. Samples were then injected onto a SEC column (24 mL Superose6)
at room temperature. WT and D3 traces (identical for Figure 3.1a) are shown for comparison.
100uM double phosphorylation mimics elute much later than WT and are closer to the D3
elution but are very broad. 20uM double phosphorylation mimics elute less broad and nearly
overlay with the D3 elution profile. (b) 100uM and 20uM samples of double phosphorylation
mimics in 25mM NaPi/50mM NaCl/0.25mM EDTA/pH?7.5 buffer were analyzed by far-UV CD
spectroscopy at 20°C. Samples were incubated at room temperature for 3 hours prior to
measurement. At 20uM, where D3-sized oligomers are present, double phosphorylation mimics
adopt D3-like secondary structure.
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Figure 3.4- SEC profiles of mixtures of single phosphorylation mimics of HSPB1. S15D,
S78D, and S82D mutants were mixed in pairs at a 1:1 ratio with final protein concentrations of
100uM and 20uM (monomer concentration) in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5
buffer. Samples were incubated at 37°C for one hour. Samples were then injected onto a SEC
column (24 mL Superose6) at room temperature. Single phosphorylation mimic traces (identical
for Figure 3.2a) are shown for comparison. For all three mixtures at both high and low
concentrations, the elution profiles do not change substantially relative to the unmixed samples.
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column (24 mL Superose6) at room temperature and run with the identical reducing or non-
reducing buffer. For both mutants, reducing the protein resulted in a dramatic shift in the elution
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Figure 3.6- Characterization of the GXG mutant of HSPB1 by SEC, CD, and negative-stain
EM. (a) The GXG HSPBI mutant was incubated at 50uM (monomer concentration) in 50mM
NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer at 37°C for one hour. The sample was then
injected onto a SEC column (24 mL Superose6) at room temperature. A WT trace at the same
concentration is shown for comparison. The GXG mutant elutes much earlier than WT,
indicating formation of larger oligomers. (b) A 20uM sample of the GXG mutant in 25mM
NaPi/50mM NaCl/0.25mM EDTA/pH?7.5 buffer was analyzed by far-UV CD spectroscopy at
20°C. The sample was incubated at room temperature for 3 hours prior to measurement. The
GXG mutant has generally decreased ellipticity relative to the WT. Specifically, GXG has a
more similar profile to ACD-only, suggesting a loss of helical structure in GXG relative to WT,
which is not present in the ACD-only construct. (c) Representative micrographs and class
averages of WT and GXG forms of HSPB1 analyzed by negative-stain EM are shown. Samples
were prepared and equilibrated at 4uM (monomer concentration) and in 50mM NaPi/100mM
NaCl/0.5mM EDTA/pH7.5 buffer. WT protein forms fairly spherical but polydisperse oligomers
of ~15 nm diameter as previously reported. The GXG mutant forms a range of oligomers
ranging from spherical to highly elongated, but all GXG oligomers have an average diameter in
one dimension similar to that of the WT.
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Figure 3.7- SEC, MALS, and CD profiles of the D3GXG mutant of HSPB1. (a) The
D3GXG HSPB1 mutant was incubated at 200uM (monomer concentration) in 50mM
NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer at 37°C for one hour. The sample was then
injected onto a SEC column (24 mL Superose6) at room temperature. WT and D3 traces are
shown for comparison. The D3GXG mutant elutes much later than WT and slightly later than
D3. The peak for D3GXG is also very sharp, indicating monodispersity. (b) The D3GXG
HSPB1 mutant was incubated at 100uM (monomer concentration) in S0mM NaPi/100mM
NaCl/0.5mM EDTA/pH7.5 buffer at 37°C for one hour. The sample was then injected onto a
SEC column (2.4 mL Superose6) at room temperature. Eluted sample was analyzed by
absorbance, multi-angle light scattering (MALS), and change in refractive index. Molar mass
calculation based on the relationship between light scattering and concentration (from change in
refractive index) is plotted in black. (c) A 20uM sample of the D3GXG mutant in 25mM
NaPi/50mM NaCl/0.25mM EDTA/pH?7.5 buffer was analyzed by far-UV CD spectroscopy at
20°C. The sample was incubated at room temperature for 3 hours prior to measurement. The
D3GXG mutant has a highly similar profile to D3, indicating that these two mutants have the
same average secondary structure, regardless of the GXG mutation.
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Figure 3.8- SEC and CD profiles of single phosphorylation mimics with the GXG mutation
in HSPBI1. (a) S15D/GXG, S78D/GXG, and S82D/GXG mutants were incubated at 100uM and
20uM (monomer concentration) in S0mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer at
37°C for one hour. Samples were then injected onto a SEC column (24 mL Superose6) at room
temperature. GXG and D3GXG traces (identical to Figures 3.6a and 3.7a) are shown for
comparison. Each combinatorial mutant elutes in two regions- early, similar to GXG oligomers
and later, similar to D3GXG oligomers. The proportions between very large and small
oligomers shifts toward smaller species at low concentration and for particular mutants (S15D
has the strongest effect). (b) 100uM and 20uM samples of single phosphorylation mimics/GXG
in 25mM NaPi/50mM NaCl/0.25mM EDTA/pH7.5 buffer were analyzed by far-UV CD
spectroscopy at 20°C. Samples were incubated at room temperature for 3 hours prior to
measurement. At 20uM, where D3-sized oligomers are present, combinatorial mutants adopt
D3-like secondary structure. Depending on the proportion of small oligomers seen by SEC, each
mutant at 100uM also shifts toward a D3-like secondary structure profile.
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Figure 3.9- Chaperone assay of WT, D3, GXG, and D3/GXG forms of HSPB1. The
chaperone assay was performed in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer at
37°C. Aggregation of the model client protein a-lactalbumin (600uM) was triggered by
reduction of disulfide bonds (addition of 20mM DTT) and subsequent destabilization.
Absorbance was then measured as a function of time in the presence or absence of WT, D3,
GXG, S82D, S82DGXG, or D3GXG forms of HSPB1 at 30uM (monomer concentration). Solid
and dotted lines represent duplicates within one assay. Absorbance increases as the client
protein aggregates due to light scattering. WT, D3, GXG, and S82D HSPB1 mildly delay
formation of aggregates. D3GXG delays aggregation substantially, while S82D/GXG has an
intermediate effect.
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Figure 3.10- Summary of effects of perturbing inter-protomer interactions in HSPBI1.
Limiting NTR-NTR and ACD-CTR interactions have disparate effects on oligomeric propensity,
leading to smaller or larger oligomers, respectively. In each case, different potential client
binding sites are presumably more exposed. Combining mutations that perturb both types of
interaction leads to a dimeric protein (D3GXG) that is highly chaperone active.
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4. STRUCTURAL CHARACTERIZATION AND COMPARISON OF WT OLIGOMERS
AND D3GXG DIMER

Although there are now a few atomic-level structures of the HSPB1 truncation ACD-
only, little is known about the structures adopted in the NTR. One might be inclined to make
inferences from structural models of HSPBS, but there is little homology in this region.
Furthermore, for no polydisperse sHSP has there been an analysis of changes in local structure
amongst the many oligomeric forms. The D3GXG mutant described in the previous chapter
provides a tractable state, a discrete dimer of HSPB1, to characterize. As dimers are thought to
be a basic building block for oligomerization, I chose to compare the dimeric (albeit
“phosphorylated”) state of HSPB1 with larger WT oligomers.

Far UV CD spectra of D3GXG and other phosphorylation mimics (Figures 3.2b, 3.3b,
and 3.7c) demonstrate that there are local structural changes in smaller oligomeric states of
HSPB1. Higher resolution techniques are required to characterize and locate structural features
to particular regions or residues. As described in Chapter 1.3, polydisperse sHSPs are not
particularly amenable to most traditional structural approaches. Therefore, hydrogen deuterium
exchange mass spectrometry (HDXMS) was used to identify solvent-protected regions of
dimeric and WT-oligomeric states at peptide-level resolution. Nuclear magnetic resonance
(NMR) spectroscopy was used to characterize the D3GXG dimer at the residue-level. Many
challenges arose in the NMR analysis due to the multiple conformations present in even the
HSPB1 dimer. NMR of the large oligomers of HSPB1 yielded limited information and was not
pursued in great detail. Nevertheless, comparison of peak heterogeneity and positions between

WT oligomers and the D3GXG dimer allowed for numerous inferences to be made.
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4.1 Comparison of the solvent accessibility of regions in WT oligomers and D3GXG dimers
4.1.1 Technical considerations

HDXMS was used to determine the solvent accessibility of the entire sequence of HSPB1
in the context of WT oligomers and D3GXG dimers. C137S forms of each protein were used to
avoid possible complications from reducing agent required to avoid potential disulfide formation
across the dimer interface. The deuteration exchange reaction was performed under standard
buffer conditions at pH 7.5. After the exchange step, the reaction is quenched, allowing for
digestion into peptides for MS analysis. In general it is backbone amide protons that are probed,
specifically the rate of hydrogen bond formation among backbone amides in secondary structure.
Side-chain amides and hydroxyl groups exchange too quickly for observation, as they are not
often involved in more protected hydrogen bonding. Aliphatic protons will not exchange, as the
carbon-hydrogen bond is covalent. One major caveat to this method that particularly affects
experiments on sHSPs is the fact that the protein sample is diluted into deuterated buffer (ten-
fold in this case). For monomeric proteins, the protein concentration is not expected to impact
local dynamics. However, sHSPs may dissociate into smaller species upon dilution, depending
on the concentration range involved and the overall stability of the oligomer. At time points
after dilution into deuterated buffer, there is the chance that deuteration profiles could be affected
by not just local dynamics in an equilibrated state, but also by slow oligomer dissociation with
time. In this experimental design, WT and D3GXG proteins were equilibrated at 200 uM at
room temperature (~25°C) and diluted ten-fold in deuterated buffer to a final concentration of 20
uM for either species. Based on SEC results dissociation is not a concern in this concentration
range. The GXG mutations alter pepsin cleavage in the CTR, therefore identical peptides could

not be compared between WT and D3GXG for the proximal region of the CTR. Similar peptides
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between the two proteins can still be compared qualitatively. Representative peptides (denoted
by residue number, e.g. “1-10”") are shown in Figure 4.1; for a complete listing of observed
peptides and their deuteration profiles see Appendix A.

4.1.2 ACD and CTR

In WT oligomeric HSPBI1, over the time course of the experiment (3 seconds to 1 hour),
the ACD is the most highly protected region (Figure 4.1, slow deuterium uptake). Most peptides
derived from the ACD show only 50% deuterium exchange after one hour at room temperature
(~25°C). This result is consistent with the stable (hydrogen bonded) 3-sandwich characteristic of
this domain. The CTR is not protected from solvent exchange, as expected for a highly exposed
region. The peptide that includes the IXI motif (179-185) is predominantly unprotected, with a
small, protected population observed at the earliest time point. These results are consistent with
findings that only a small population of CTRs in oligomers are bound to 4/f8 grooves.

The deuteration profile of the dimeric D3GXG mutant is similar for the ACD and CTR
relative to WT oligomers. ACD peptides are slightly less protected than in WT. Increased
accessibility of the ACD in a dimeric context is suggestive that the same regions in the
oligomeric context are likely more protected due to the overall avidity from other inter-protomer
interactions. Specifically, there are NTR-ACD interactions (discussed in section 4.4) that could
vary between dimeric and oligomeric states. Although identical peptides for the start of the CTR
cannot be compared, the deuteration profile of the 164-185 peptide in D3GXG is consistent with
the total deuteration observed for peptides 164-178 and 179-185 in WT oligomers. Aside from
detectable IXI binding in WT oligomers, the CTRs for both proteins are likely similarly

disordered.
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4.1.3 NTR

Even in the context of large HSPB1 oligomers, the NTR is generally unprotected. This
behavior is expected for a disordered and/or highly exposed region of a protein. However,
multiple peptides show both protected and unprotected conformations, confirmed by several
overlapping peptides (Appendix A).

The most distal peptide (1-10) exists in two distinct states, one moderately protected and
one unprotected. As the isotopic distributions of the two states overlap substantially in the mass
spectra, it is challenging to quantitatively deconvolute multiple states. Specifically, the exact
proportion and protection of each state should not be heavily relied upon. The observation that
the protected population of the 1-10 peptide in WT protein does not substantially decrease in
proportion in the early three time points suggests that the exchange between the two states of this
region is relatively slow. Similar heterogeneity is observed in D3GXG with similar deuteration
profiles of the two states. However, the proportions between the two states changes more rapidly
for D3GXG, possibly suggesting a faster exchange rate between states. As this heterogeneity is
observed in both the oligomeric and dimeric proteins, the deuteration behavior observed for the
protected state of this peptide is more consistent with a local structural feature, such as formation
of a helix or intramolecular $3-strands or binding in a groove, as opposed to protection in a buried
core in an oligomer. This structural feature could be strictly local or involve interaction with
another part of the protein. The observed change in conformational exchange rate between the
WT and D3GXG proteins could be dependent upon restraint in the oligomeric context.
Specifically, in the WT context a subunit might need to leave an oligomer in order for exchange

to occur in this region of the NTR.
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Peptide 11-28 shows moderate protection at early time points for WT but less protection
for D3GXG. As this peptide contains the S15 phosphorylation site (mutated to Asp in D3GXQ),
it is likely that this region exists in different conformations or has different accessibility between
oligomeric and dimeric states.

Peptide 29-41 shows two distinct states of protection for WT, similar to peptide 1-10.
This peptide contains the single highly conserved region of the NTR (among sHSPs), has
moderate helical propensity based on secondary structure prediction, and includes several sites of
disease-associated mutation. In D3GXG no heterogeneity is observed and the peptide is much
less protected. However, the 33-41 peptide, which covers the latter part of the same region, is
more protected in D3GXG than in WT. This suggests different structural features are formed in
this region between the oligomeric and dimeric states. The protected state in D3GXG is towards
the latter part of this region.

The 55-62 peptide is unprotected for both WT and D3GXG. The 63-76 peptide in WT
and D3GXG is unprotected. Therefore, much of the NTR (roughly position 54 through 76) is
highly solvent exposed, not involved in hydrogen bonding, and not involved in tightly packed
hydrophobic cores in either oligomeric or dimeric proteins. However, transient hydrophobic
interactions of side-chains are possible and might not be reported on by this method.

Finally, peptide 77-99 shows two distinct states in WT oligomers. Several peptides in
this region also show heterogeneity, but deconvolution of the two states is most reliable for the
77-99 peptide. This region includes the sequence that is predicted to form the $2 strand as well
as the conserved 3 sequence. The two populations might be attributed to formation of the 2

strand (more protected state) in one population and a different orientation of this sequence from

the ACD in the other (less protected state). The deuteration profile of this peptide in D3GXG
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more closely mimics the less protected state in WT. The simplest explanation would be that the
D3GXG state and the less protected state in WT are structurally similar, as opposed to a new
conformation being adopted.

It is also important to note that the loss of heterogeneity in D3GXG peptides 29-41 and
77-99 might be coupled. Also, peptide 11-28 loses protection in D3GXG, which is the location
of the S15D phosphorylation mimicking mutation. The 77-99 peptide contains the S78D and
S82D mutation sites. It is tempting to speculate that these regions could be spatially close in the
oligomeric context (intra- or inter-subunit) but are not associated in the D3GXG dimer.

The HDXMS analysis of HSPB1 WT oligomers shows that the NTR is highly solvent-
exposed relative to the ACD. This suggests that the NTRs in these oligomers are not tightly
packed in a hydrophobic core. Instead, oligomers must be held together by hydrophobic
interactions and/or very limited inter-protomer hydrogen bonding, comparable to a molten
globule state. Remarkably, comparison of WT oligomers and D3GXG dimers shows that the
NTR in the oligomeric context is not substantially more protected than in the dimer context,
where the NTRs are presumably completely exposed. Peptides 11-28 and 29-41 are moderately
more protected in WT oligomers. These differences could be attributed to weak hydrophobic
interactions or formation of secondary structure (e.g. a short-lived a-helix) in the oligomeric
context. Overall, the HDXMS approach identified regions of structural heterogeneity in different
quaternary states of HSPB1.

4.2 Stability of structural features in WT oligomers and D3GXG dimers
4.2.1 Thermal melt analysis of WT and D3GXG
To compare the stabilities of D3GXG dimers and WT oligomers, each protein was

thermally melted and their far UV CD spectra measured. Figure 4.2 shows CD spectra for WT
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under reducing conditions and D3GXG/C137S every 10°C between 15°C and 95°C. Reducing
conditions are used (or mimicked by C137S) so that a covalent bond at the dimer interface does
not impact unfolding. For WT protein, there is a large transition (increase in negative ellipticity)
at shorter wavelengths (~205 nm) around 65°C, with the 65°C scan representing an intermediate
along this transition. For D3GXG, this similarly large transition occurs between 55°C and 65°C
with no intermediate scan, therefore a presumable melting temperature is ~60°C. It appears there
is a slight decrease in stability for D3GXG, but a higher resolution melt (and on identical
constructs) would be required to better define the difference. Overall, D3GXG mutations do not
substantially destabilize HSPB1 nor do the transient intermolecular interactions in WT oligomers
afford greater stability.

Loss of the structural feature responsible for the positive 230 nm peak observed in
D3GXG spectra begins to occur at lower temperatures than for the global unfolding around
65°C. The 230 nm peak decreases in intensity across the 15°C to 55°C range. This earlier
unfolding suggests that the responsible structural feature is less stable relative to the global
stability of the protein. It is interesting to note that the D3GXG spectrum at 55°C is highly
similar to that of WT (20°C spectrum is overlaid in dotted black line). It is likely that once
transient local structures have been destabilized in WT and D3GXG proteins, their overall
secondary structures are very similar.

4.2.2 Characterization of N-terminal peptide proposed to form p-hairpin

The positive 230 nm peak observed in CD spectra of D3GXG dimers and other small,
phosphorylation mimicking species is most likely attributable to an exciton couplet between two
aromatic tryptophan side chains in close proximity. There are six tryptophans in HSPB1, five of

which are in the NTR. One tryptophan (W95) is located at the NTR/ACD boundary. In a
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sequence-based search of the PDB, the NTR of HSPB1 shows a small stretch of homology with
yeast isomaltase (Figure 4.3a and b, PDB ID: 3AXH). The region of HSPB1 that aligns with
isomaltase extends from P39 to W51. The aligned region in isomaltase forms a p-hairpin in
which tryptophan side chain indole rings are interacting. Tryptophan exciton couplets are
common in B-hairpin structures stabilized by tryptophan interactions (Eidenschink et al. 2009).
Therefore, the exciton couplet observed in D3GXG could be due to formation of a $-hairpin in
the aligned region, with W42 and W51 interacting.

To test this hypothesis, a synthetic peptide containing this sequence (40-53) of HSPB1
was purchased for CD analysis. N-terminal acetylation and C-terminal amidation were included
in the peptide synthesis to avoid non-native charges at the termini that might bias hairpin
formation. Figure 4.3c shows the far UV CD spectrum of the peptide under identical buffer and
temperature conditions (20°C) as the overlaid WT and D3GXG spectra. The peptide yields a
positive peak around 225 nm, shifted from the peak observed in D3GXG. At shorter
wavelengths (~205 nm), the peptide yields highly negative ellipticity indicative of some random
coil structure. While the positive 225 nm peak may be attributed to an exciton couplet,
consideration of the full spectrum suggests that this positive peak may also be attributed to 3-
turn or extended helical structure. A thermal melt of the peptide was performed to determine if
unfolding of any structure occurs. Figure 4.3d shows CD spectra of the peptide every 10°C
ranging from 5°C to 95°C. Although there is no dramatic, cooperative transition, there are
changes in spectral features with increasing temperature. Specifically, ellipticity around 200 nm
decreases (approaches zero), and the 225 nm peak decreases steadily with temperature. These

transitions with increasing temperature indicate that some sort of secondary structure is present
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in the peptide at low temperatures. The nature of the structure of this HSPB1 NTR sequence in a
peptide context remains to be more fully investigated.

4.3 Structural analysis of D3GXG dimer by NMR

4.3.1 Technical considerations

The D3GXG dimer is approximately 45 kDa, which is at the upper size limit for routine
NMR structural analysis. There are many factors to optimize when studying a new protein by
NMR. Thorough analysis of the ACD-only HSPB1 dimer (~22 kDa) by others in the Klevit lab
(Rajagopal et al. 2015a) provided a starting point for examination of the full-length dimer, and
some of the parameters that were optimized are discussed here.

(1) Variation of temperature and buffer- As temperature can modulate the intensity and
number of resonances visible in the NMR spectrum, a range of temperatures was tested for
D3GXG. In general, lower temperatures (below 25°C) did not offer increased signal or any
other advantages. Higher temperatures (room temperature to 37°C) yielded spectra with stronger
signals, but at 37°C there was considerably more breakdown of the protein, which is detrimental
to long 3D experiments (several days) necessary for assignment. Therefore 30°C was selected as
the optimal temperature for a compromise of signal and minimizing sample breakdown. The
buffer used for studying the ACD-only construct was 50 mM phosphate buffer with 100 mM
NaCl at pH 7.5, therefore it was preferable to use similar conditions to be able to compare the
full-length protein. Lowering the ionic strength, which can affect signal when using a cryoprobe,
did not alter the spectrum. As exchange of amide protons is slowed as the pH is lowered from
neutral to ~2.5, yielding sharper resonances, a pH buffer lower than neutral is preferable for
NMR studies of many proteins. However, HSPB1 (and HSPB5) is highly sensitive to even slight

lowering of pH, therefore this path was not pursued. As with the structural analysis of the ACD-
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only protein, non-reducing conditions were used for studies of D3GXG as locking the dimer
appears to limit exchange and conformational heterogeneity, yielding sharper peaks.

(2) Deuteration of the protein- As the size of a protein increases, the NMR signal
broadens substantially due to relaxation effects during the NMR experiments. The effects are
from two types of relaxation, T; (also called longitudinal or spin-lattice) and T, (also called
transverse or spin-spin). T, relaxation is related to the time necessary for spins to relax back to
the z-axis. Larger proteins generally have shorter T, relaxation times. T, relaxation can be
thought of as a loss of coherence of the spins while they are in the x-y plane, due to interactions
with neighboring nuclei. As interactions with aliphatic protons are a substantial source for loss
of coherence, deuterating a protein (replacing these protons with deuterons) removes some
relaxation pathways, leading to sharper signals. For D3GXG, partially deuterating the protein
(~75% by growing in D,0) leads to dramatically sharper signals and was necessary for 3D
experiments. Perdeuteration (~99% by growing in D,0O and deuterated glucose) sharpened
signals somewhat further, but as it is cost prohibitive perdeuteration was used only for the less
sensitive HNCB experiment.

(3) Truncation of the protein- As decreasing protein size aids in both relaxation effects
and spectral overlap, a CTR-truncated form was used for most NMR experiments (“D3/176del”).
By truncating the D3 protein after position 176, identical to the CTR truncation in the ACD-only
construct, the dimer size was reduced to ~40 kDa. This truncation yielded sharper NMR signals
and reduced spectral overlap of resonances corresponding to unstructured residues in the NTR
and CTR (Figure 4.4, center of the spectrum). No other effects were observed in the rest of the
protein with this truncation. The CD spectrum of this mutant (data not shown) contains the same

positive 230 nm peak as for D3GXG, indicating that the distinct structural feature observed in
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HSPB1 small oligomers and dimers is present in this construct. The most notable difference
with D3/176del compared to D3GXG was temperature-dependent precipitation. While D3GXG
is soluble at high concentration at low temperature, D3/176del precipitates at 4°C, forming a
cloudy gel. The precipitation is reversible and disappears after warming the protein solution to
room temperature. The charge-enriched CTR likely functions as a solubility tag, counteracting
hydrophobic intermolecular interactions of the rest of the protein.
4.3.2 Assignment of the NMR spectrum of the full-length dimer

The NMR spectrum of the D3GXG mutant of HSPB1 was assigned through use of
standard triple resonance experiments. Assigned chemical shifts are listed in Appendix B. A
combination of TROSY-based HNCO, HN(CA)CO, HNCA, HN(CO)CA, HNCACB, HNCB,
and NNH experiments were performed on the D3/176del mutant, which yields sharper peaks and
less spectral overlap than the full-length protein. HNCO, HNCA, and HNCACB experiments
were performed on the full-length D3GXG in order to assign the distal CTR residues. A total of
217 peaks from "H-""N TROSY HSQC spectra were seen reproducibly (not noise) for D3/176del
(Table 4.1). These arise from either backbone amides or tryptophan side chain indole H-N
groups (Figure 4.4). Other side chain H-N groups (belonging to Gln and Asn) that appear in the
upper right region of this type of spectrum were not included in this count. Out of the 176
residues in this construct, 19 are prolines and will not yield resonances in a 'H-">’N TROSY
spectrum or the HN-based 3D experiments listed above. Therefore, there are 60 resonances
more than expected, indicating alternate conformations of the protein. To observe two
resonances for one residue, the conformational exchange must be slow relative to the NMR

timescale (milliseconds or longer).
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General characteristics of the observed peaks in the 'H-""N TROSY HSQC spectrum
provide insights into characteristics of the protein. A protein with ordered structure (little
disorder) that predominantly adopts one conformation will yield a spectrum of well-dispersed
peaks (typically ranging from 6 to 10 ppm in the 'H dimension) of equal intensity with one peak
per residue. A disordered protein will yield a spectrum of poorly dispersed peaks that are very
intense. Flexibility of disordered regions reduces local relaxation effects and thus enhances
signal. However, the lack of diverse chemical environments in a disordered region leads to
overlapping peaks in the center of the spectrum (~7.5-8.5 ppm in the 'H dimension). This region
corresponds to random coil-like chemical shifts. The D3/176del protein has a mixture of strong,
dispersed peaks, weaker, dispersed peaks, and very strong peaks in the central region. The
strong, dispersed peaks mostly arise from (as discussed below) residues in the structured ACD.
The strong peaks localized in the center of the spectrum belong to residues in unstructured
regions of the protein, mostly of the NTR and CTR. The weak, dispersed peaks likely
correspond to alternate and lowly populated states of structured regions, although very few of
these peaks could be rigorously assigned to specific residues. Assignments of peaks to certain
residue types are listed in Appendix B in addition to the specific residue assignments. Side chain
indole H-N groups of tryptophans typically appear in the lower left corner of 'H-""N TROSY
HSQC spectra. There are six tryptophans in HSPB1, five of which are in the NTR. However,
only three strong peaks are observed in this region that likely do not correspond to backbone
amides due to their absence in 3D spectra. There are additional weak peaks in this area that

might correspond to tryptophan side chains.
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4.3.3 Comparison with ACD-only construct

Overall, many spectral properties of the ACD are conserved between the ACD-only and
D3/176del constructs. Their 'H-""N TROSY HSQC spectra overlay, but only to the trained eye
as almost all peaks have shifted slightly (Figure 4.5a). Most assigned peaks of the ACD-only
construct are observable under the conditions used to study the full-length dimer (30°C vs. 25°C
used for ACD-only assignments). The majority of these ACD peaks were also assigned in
D3/176del, although there are unassigned gaps in the sequence at distinct regions (Figure 4.5b).
For these unassigned residues, there are no nearby candidate peaks in the spectra. Therefore,
residues in these parts of the full-length protein are in a very different chemical environment
(shifted far) relative to ACD-only or in intermediate exchange such that the corresponding peaks
would be broadened substantially. Residues assigned in ACD-only but not D3/176del are
indicated in yellow in Figure 4.5d. Resonances corresponding to most of 33, the loop between
3 and P4, and B8 are either unobserved or unassigned in D3/176del. There are also parts of the
B5/p6+7 loop and B7 strand that do not have observable/assigned peaks in the D3/176del
spectrum. The absence of (or inability to assign) certain peaks for D3/176del indicates that these
regions are in distinctly different chemical environments or exchange regimes between the ACD-
only and D3/176del forms.

Of residues assigned for both proteins, there are several that shift substantially between
the two forms or that exhibit heterogeneity in the D3/176del context (Figure 4.5¢). Residues that
show more dramatic chemical shift perturbations (CSPs) are highlighted in orange in Figure
4.5d. The most affected regions are the 4 strand and parts of 9. Three residues in the ACD
definitely show multiple peaks in the D3/176del spectrum and not in the ACD-only spectrum.

These residues are highlighted in red in Figures 4.5b and d. T110 is located at the start of 4,
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whose resonances are substantially shifted between the ACD-only and D3/176del spectra. K123
is at the start of the loop connecting 35 and p6+7 and is preceded by a small, unassigned region.
V148 is located in the loop between p6+7 and 8, which is otherwise unperturbed. Altogether
these comparisons with the ACD-only construct indicate that the presence of the NTR
dramatically perturbs the 4 and 38 strands and has a lesser but noticeable effect on other
regions of the ACD. Specifically, it is highly likely that the NTR is interacting with the ACD to
cause these perturbations.
4.3.4 Insight into the NTR

A small fraction of the NTR in D3/176del was assigned from the triple resonance spectra
(20 residues of ~85 belonging to the NTR). It is clear that parts of the NTR exist in multiple
conformations based on the HDXMS results described earlier. Structural heterogeneity can
affect the assignment process in two ways. (1) The signal for one residue is divided among
many peaks representing the different chemical environments. (2) If the exchange among
conformations is at a rate similar to the NMR timescale (“intermediate exchange”), peaks
representing all conformations will be broadened out and difficult to detect. One region of the
NTR was amenable to assignment- residues 62-79 (Figures 4.5b and 4.6a). Peaks corresponding
to these residues were very intense and had random coil-like chemical shifts. The intensities of
these peaks are comparable to those of the flexible CTR (Figure 4.6b). Therefore this region
appears to be in a disordered and highly flexible conformation, a conclusion that is supported by
a lack of solvent protection observed by HDXMS. However, for several of the assigned NTR
residues there appear to be two distinct resonances (Figure 4.6a). The alternate conformation of
residues 64-69 also appears to be disordered and represents a large fraction of the population (>

20% based on intensities). Therefore there are two observable, slowly interchanging states of this
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disordered region of the NTR, and more structured flanking regions must modulate the slow
exchange. A few other residues in the NTR were assigned in the 35-49 region, overlapping with
the synthetic peptide examined in section 4.2.2. Two different peaks were assigned to S49,
suggesting two environments for this region as well.
4.3.5 Assignment of the CTR

The most distal end of the CTR in the D3GXG construct was assigned (Figure 4.5b). The
D3/176del truncation as well as a D3/198del truncation, which eliminated the second “AAK”
repeat in the sequence, provided confirmation. Peaks corresponding to these residues are strong
and located in the random coil region of the spectrum. The peak assignments are also confirmed
by a recent report on the CTR of HSPB1 (Alderson et al. 2017). The inferred flexibility is
consistent with what is known structurally of other sHSPs and with the HDXMS results.
However, residues 177-191 were not assigned. Most peaks that are present in the D3GXG
spectrum and not in the D3/176del spectrum are assigned to the more distal part of the CTR.
Therefore, the 177-191 region is likely in intermediate exchange and relatively invisible by the
'"H-""N- based experiments used here. As this region is highly unprotected in the HDXMS
analysis, there must be intermediate exchange among several solvent-unprotected states.
4.3.6 Probing long-range interactions by PRE

As much of the NTR remains unassigned in NMR spectra, it was necessary to proceed to
another NMR method capable of providing distance information in the absence of assignments.
The paramagnetic relaxation enhancement (PRE) effect from a spin label broadens resonances
corresponding to residues spatially near the label. The nitroxide spin label 2,2,5,5-tetramethyl-1-
oxyl-3-methyl methanethiosulfonate (MTSL) was used here and attached to cysteines introduced

in the NTR. The effects of MTSL can be observed up to 2.5 nm away.
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To introduce a single spin label, the following mutants were made in the
D3/176del/C137S background (cys-free)- T2C, D15C, S50C, S65C, S74C, T91C, or D107C.
All mutants were evaluated for size (correct elution during SEC step of purification) and
secondary structure (CD). Samples used in PRE experiments were not deuterated, thus many
fewer peaks were analyzed than are assigned. Also, the C137S mutation, which mimics a
reduced state of the protein, causes shifting and loss of certain peaks in the D3/176del spectrum
consistent with changes observed in ACD-only spectra (oxidized vs. reduced). As both
protomers of the dimer are '°N-labeled and spin-labeled, broadening observed can be due to
intra- and inter-protomer interactions. Overall the NMR intensities for the labeled samples were
weak, so the ratios of intensities were noisy. Therefore, only regions where multiple residues
showed peak intensity loss are discussed below. Also, as no single region was affected by a spin
label at each of the four positions, it is reasonable to conclude that the spin label does not bind
non-specifically to the protein.

Cysteine mutation sites were selected based on tolerable sites found in previous studies
(McDonald et al. 2012) and not being in highly conserved regions. Purification and initial
analysis of these mutants provided some insights into certain regions of the NTR. T2C, S65C,
S74C, and T91C behaved just like their cys-free counterpart and are explored below. The D15C
mutant (site of phosphorylation) behaved poorly during purification and eluted as a larger than
dimer species by SEC. The D107C mutant was highly aggregation prone during the purification
and gave a CD signal very different from that of D3/176del. The S50C mutant was well behaved
in every respect and yielded an ideal control NMR spectrum. However, attachment of the spin

label must have caused the protein to self-associate (no visible aggregates) as it became almost
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invisible by NMR. The failures of these residues to tolerate mutation or spin label attachment
suggest that they might be in interacting regions of the protein.

The spin label attached at position 2 gave strong PRE effects on two regions of the ACD:
the loop between B4 and 5 and the loop between $6+7 and B8 (Figure 4.7). This indicates that
in HSPB1 dispersed dimers the very distal end of the NTR is in close proximity to the ACD,
specifically at the ends away from the ACD-ACD interface. Position 2 is far from the ACD
structure in sequence space, therefore the interaction could be intra- or inter-protomer. It is also
important to note that a spin label at this position did not detectably broaden unassigned peaks
that might have corresponded to the region proximal to residue 2. This observation suggests that
the corresponding peaks are not observed and are therefore in intermediate exchange, consistent
with the heterogeneity observed for this peptide by HDXMS.

Spin labels attached at either position 65 or 74 caused similar PRE effects to each other.
Peaks assigned to residues sequentially near 65 and 74 are substantially affected by the attached
spin label, providing support that the assignments are correct. Also, as this region of the NTR is
assigned, it is possible to judge the strength of interactions relative to the broadened signals in
this region. The data obtained from these two spin label experiments are noisy due to the wide-
ranging effects of spin labels at positions 65 and 74. Therefore, only regions where multiple
peaks are affected are discussed here. Both spin label positions affect the loop between 5 and
6+7 and the earlier part of 9. Position 74 also appears close to the loop/small helix between
3 and 4. These two primary affected regions are spatially distant within a protomer or across
protomers in a dimer, suggesting that the region of the NTR containing positions 65 and 74 could
be in two conformations, with each closer to one of these regions of the ACD. This is consistent

with the multiple assignments for residues in this region of the NTR. The intensity losses
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associated with each position were substantial, but not as large as in the region of the NTR
containing the spin label. The lessened effects on the ACD could be due to either a moderate
distance between the spin label and the affected region or more likely that the region containing
the spin label adopts two conformations that interact with different regions of the ACD.

Position 91 is at the boundary between NTR and ACD and would likely be part of the 32
strand if it is forming. The spin label at position 91 caused substantial broadening in $3, 9, the
p6+7/38 loop, the f5/p6+7, and the CTR. The 35/f6+7 loop interaction is likely inter-protomer
as position 91 could not reach this loop in its protomer without release of the 33 strand. For the
same reason, the remaining interactions are likely intra-protomer. The orientation of this
proximal part of the NTR (containing the possible 32 strand) relative to the ACD is not clear
from these data alone. However, the observation that assignments in this region do not correlate
between ACD-only and D3/176del constructs and the PRE effects on the $5/p6+7 loop suggest
that the 91 region might fold in on the ACD, different from the ACD-only NMR structure.

4.4 NMR of HSPBI1 oligomers

WT HSPBI oligomers are large (average ~450 kDa) and are not amenable to
conventional NMR experiments, as the amide resonances typically probed are not visible.
However, highly mobile methyl groups of certain side chains can provide detectable signal in an
otherwise perdeuterated, large protein. As there are only six isoleucines in HSPB1, we chose to
start with Ile-8-'"H'"°C labeling (only the delta methyl group in the side chain), where the rest of
the protein is “H'>C. Two isoleucines are in the NTR or at the NTR-ACD boundary (163 and
188), two are in the ACD (1120 and 1134), and two are in the IXI motif of the CTR (1179 and
1181). '"H-"C HMQC spectra in principle can reveal information about each isoleucine. There

are more peaks than expected in the spectrum of WT HSPB1 oligomers, immediately implying
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conformational heterogeneity (Figure 4.8). There are strong overlapping peaks in the random-
coil center of the spectrum (~12 ppm in °C dimension), which likely correspond to isoleucine
methyl groups in disordered regions. Four peaks of lower intensity are downfield (in "°C, less
shielded) of the random-coil peaks, and likely correspond to methyl groups in the ACD, based on
HSPB1 ACD-only assignments and observation of ACD peaks in HSPBS methyl-TROSY
spectra (Baldwin et al. 2012). An additional low intensity peak appears upfield of the random-
coil peaks and could correspond to a bound state of the IXI motif. In HSPB5 methyl-TROSY
spectra, peaks upfield (°C) were assigned to the bound state of the IXI motif.

Rigorous assignment of the oligomer Ile spectrum can only be accomplished by mutation
of each Ile individually. Given the cost of preparing one sample, this approach is cost
prohibitive. However, inferences can be drawn from comparison with other forms of HSPB1-
D3GXG@G, D3 and ACD-only. For D3GXG spectra, the amino acid precursor to label the methyl
groups was used so that the remainder of the side chain would be deuterated, but the protein was
not otherwise perdeuterated. An HMQC spectrum of D3GXG, which has 1179G and 181G
mutations, shows only four distinct peaks, corresponding to the four indicated isoleucines and
confirmed by mutational analysis. Mutation of each Ile to Val resulted in disappearance of one
peak from the spectrum. In the D3GXG context 163 is in the random coil region as predicted,
and the remaining isoleucines correlate well with their ACD-only counterparts. 1120 and 1134
are downfield (in °C) of the random coil region, consistent with being in the structured ACD.
There are multiple peaks in the WT oligomer spectrum in this region, suggesting one or both of
these isoleucines might be in multiple conformations. In the WT oligomer spectrum, there are
multiple strong, broad, overlapping peaks in the central random coil region, which could be

attributed to 163, 188, 1179, and I181. 163 and I88 are likely flexible based on their chemical
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shifts in the D3GXG spectrum and HDXMS analysis. 1179 and 181 are part of the IXI motif
that is expected to be bound in small populations in an oligomeric state, thus a large flexible
population could exist. There is one more weak peak upfield (in °C) of the random coil region
that is likely attributable to the bound state of the IXI motif. An HMQC spectrum of the D3
mutant, labeled identically to WT, could be construed as a combination of WT and D3GXG
spectra. There are the expected intense, overlapping peaks in the random coil region. The 1120
peak of D3GXG overlaps well with a peak in D3, although for D3 the peak is partially spread out
toward the nearby WT peak that is presumably 1120. Similarly, a peak for D3 roughly overlays
with 1134 in D3GXG, but low intensity peaks are also observed at WT peak positions that might
correspond to alternate states of 1134 in the oligomer. The most striking difference however is
the pair of strong peaks just upfield of the random coil cluster that do not overlay with the weak
WT peak in this region. If these peaks correspond to the bound IXI motif, this result suggests
that there is more binding of the IXI motif in the D3 context compared to WT and that the exact
orientations are different, due to changes in chemical shifts. As D3GXG represents an extreme
dimer form of phosphorylated HSPB1 and D3 at high concentrations is a broad mixture of
different oligomeric species (SEC), it is consistent that resonances corresponding to WT-like and
D3GXG-like states would be observed for D3 oligomers.

Preliminary attempts were made to probe leucines and valines in HSPB1 oligomers. The
amino acid precursor labels both types of amino acid at one of their 6 (leucine) or y (valine)
methyl groups. There are numerous Leu/Val residues in HSPB1, particularly in the primarily
unstructured NTR. The resulting HMQC spectrum therefore yields overwhelmingly intense,
broad peaks in the random coil regions of the spectrum that drown out most distinct resonances if

they are even observable (4.9). There are very weak peaks observed upfield (‘H) that could be
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attributed to more structured states of these side chains, but the cost/benefit ratio did not warrant
further experiments.

4.5 Discussion of structural analysis of WT oligomers and D3GXG dimers

4.5.1 Structural changes in the NTR between WT oligomers and D3GXG dimers

The combination of phosphorylation-mimicking mutations and the GXG mutations yield
a monodisperse dimer (D3GXG) representative of an extreme phosphorylated state of HSPB1.
Circular dichroism (CD) spectra confirm that D3 and D3GXG adopt very similar secondary
structure. CD spectra of intermediate phosphorylation mimics adopt D3-like secondary structure
at lower concentrations where smaller oligomers are favored. Therefore, local structural changes
observed by CD are dependent only on oligomeric size of phosphorylation mimicking mutants
and not on particular mutations. Only in a sufficiently small oligomeric state, presumably where
the NTR maximally unrestrained, is there an observable change in secondary structure.

Using HDXMS, it was possible to compare regions of solvent protection between the WT
oligomeric state and the D3GXG dimeric state and make inferences about differences in local
structural features. In general, peptides derived from the ACD and CTR had similar protection
profiles between the two states of HSPB1. Certain regions the NTR, however, differed in their
solvent protection between WT and D3GXG. Peptide 11-28, which contains the S15
phosphorylation site, is moderately protected in WT and unprotected in D3GXG. This suggests
that some type of structure in this region is favored in the oligomeric state or this region is
involved in oligomeric contacts. Peptide 29-41 shows conformational heterogeneity in this
region for WT oligomers, and contains the only moderately predicted helical region. The
ordered conformation in WT oligomers is lacking in D3GXG (unprotected), suggesting a

potential structural feature or interaction is absent. However, peptide 33-41 is more protected in
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D3GXG, suggesting an alternate structural feature is formed in the dimer compared to WT
oligomers. CD analysis of a peptide containing the 40-53 sequence of the NTR demonstrates
that there is some non-standard secondary structure formation in this region, but it does not have
helical propensity. There is also an observed loss of conformational heterogeneity in the 77-99
peptide for D3GXG. This coupled change suggests that the 11-41 region of the NTR might
interact with the 77-99 region at the NTR/ACD interface in the WT oligomeric state. This
particular interaction could be either intra- or inter-protomer in an oligomer. Alternatively, these
regions might not be spatially close but experience an indirectly coupled structural effect.

4.5.2 Model of the D3GXG dimer

Through the use of NMR assignments, PRE measurements, and HDXMS, it is feasible to
propose models for the general structure of a full-length HSPB1 dimer, D3GXG. Figure 4.10
visually and sequentially represents (parts a and b) all of these results for D3GXG (or D3/176del
for NMR experiments).

It was possible to assign the 62-79 region of the NTR by NMR. The chemical shifts and
strong intensities of peaks corresponding to residues in this region are random-coil-like,
indicating a region of disorder. This is consistent with the lack of protection of this region seen
by HDXMS. Interestingly, two distinct resonances (both in the random-coil spectral region)
were observed for several residues in this region. Therefore even in a highly disordered part of
the NTR, multiple conformations are observed. The slow exchange (as both states are
observable by NMR) could be due to different structural constraints upstream or downstream of
this region. The abundance of prolines in this region (and throughout the NTR) would likely
promote heterogeneity via cis/trans proline isomerization. In unconstrained regions of a protein,

the peptide bond preceding a proline is typically in a cis state 10% of the time. The cis
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propensity is increased substantially (up to 40%) when a proline is preceded by a glycine or
aromatic, both of which are common in the NTR. Via PRE experiments, positions 65 and 74
were found to interact with the f3/p4 loop, B5/p6+7 loop, and the 9 strand. As these regions
are spatially distant both within a protomer and between protomers, it is likely that this region of
the NTR (at least residues 65-74) has multiple orientations with respect to the ACD. It is
unknown whether these contacts are intra- or inter-protomer. The assigned region encompasses
the “HSPBI1 insertion” that is unique to HSPB1 and shares no sequence homology with the other
human sHSPs. This sequence was inserted between the NTR and ACD of a monodisperse sHSP,
the archeal Hsp16.5. Normally this sHSP forms oligomers of 24 protomers and can be
crystallized, although the NTR is unresolved. Insertion of the HSPB1 sequence resulted in
formation of monodisperse 48-mers that also crystallized, but the NTR, including the HSPB1
insertion, remained unresolved (Mchouarab et al. 2012). It is apparent that this region of the
HSPB1 NTR, although disordered, is important for modulation of oligomer size in certain
contexts.

The fact that the remainder of the NTR could not be assigned with these datasets under
these conditions suggests that other parts of the NTR are either: (1) exchanging among states at
an intermediate time scale (relative to the NMR experiment) such that peaks are broadened or (2)
signals are split among too many exchanging conformations. A comparison of residue
assignments in the ACD between ACD-only and D3/176del constructs indicates regions of
interest where the NTR might be interacting. Residues in the $4 strand have substantial CSPs
between these two constructs, indicating a difference in chemical environment. Residues in the

8 strand were assigned in the ACD-only context under these conditions but no similar peaks

could be assigned for the D3/176del construct. Therefore, the $8 strand is also undergoing
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different behavior between these two forms of the protein. By HDXMS, peptide 1-10 shows two
conformations at the distal end of the NTR- one unprotected and one moderately protected. The
moderately protected state decreases in proportion within a few minutes, suggesting that it
interchanges with the unprotected state rapidly. The PRE result that shows position 2 in close
proximity to the edge of the ACD coupled with this protection suggests that the distal end of the
NTR is interacting with the ACD. Either the 1-10 region or the 33-41 region of the NTR (which
shows protection by HDXMS) could be interacting with the 34/p38 region, causing the observed
CSPs relative to the ACD-only construct. As with discussion of the 62-79 region of the NTR,
NTR contacts with the p4/B8 region of the ACD could be inter- or intra-protomer.

Although there is no direct evidence for the formation of the 32 strand antiparallel to $3
in the D3GXG dimeric context, the results suggest that the $2 region is not extended away from
the ACD. This region (peptide 77-99) is not protected from solvent as seen by HDXMS.
However, the inability to assign some of the 33 strand and following loop indicate there are
differences in this groove between (33 strands (across the dimer) between ACD-only and
D3GXG contexts. A recent crystal structure of full-length dimeric HSPB6 in complex with
another protein does not show formation of this $2 strand (Sluchanko et al. 2017). Although
much of the NTR is not resolved in this structure, the conserved region of the NTR is found to be
inserted in the groove between (33 strands in the ACD dimer and on top of the dimer interface,
with this region not adopting any ordered secondary structure (Figure 4.11). This HSPB6 N-
terminal structure is in stark contrast to that of HSPBS oligomeric models, but given the lack of
sequence homology of the NTR among families, it is possible that each sHSP has very different
structural features in the NTR. Given that there are no substantial CSPs deep in this $3-3
groove (6+7 strands) between ACD-only and D3/176del, it is unlikely that any part of the NTR
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is truly bound in this groove. However, some part of the NTR or a weak 2 strand is likely in
this region interacting weakly. It is also not clear whether NTR regions from both protomers in a
dimer could occupy this p3-B3 groove. Two NTR regions inserted into the B3/f3 groove were
not observed in the HSPB6 structure, suggesting the binding of one NTR region precludes
binding of the other. Similarly for HSPBS5 oligomeric models, $2 strands formed along 3 were
not observed on both protomers of a dimer. Therefore, the two NTRs of one D3GXG dimer
likely adopt different conformations, some of which are proposed in Figure 4.10.

4.5.3 Implications of NTR-ACD contacts for disease-associated mutants in the ACD

There are numerous disease-associated mutations reported in the ACDs of several sHSPs
(Datskevich et al. 2012). These mutants are discussed in the previous chapter with respect to
their ability to perturb the ACD-ACD dimer interface. Given the results presented here and
HSPBS oligomeric models, mutations in particular regions of the ACD would likely also affect
interactions between the NTR and ACD. Specifically, mutations of residues whose side-chains
make up the $3-f3 groove and residues along the 4, $8, and 9 strands, where NTR-ACD
contacts are observed or predicted, should be considered as potentially perturbing multiple types
of interactions in sHSPs.

Several reported disease-associated mutations in HSPBI1 fit the criteria for potentially
affecting NTR-ACD interactions. Mutation L99M is located in the 33 strand, which could
directly affect formation of the $2 strand antiparallel to this strand. This mutant is one of few
reported as autosomal recessive, which could be due to the relatively mild change from Leu to
Met. Mutations R136W/L and R140G are along the dimer interface with side-chains facing the
groove. These mutants alter both the local charge state by removing positively charged arginines

and also the hydrophobicity/packing of the groove by introducing large hydrophobic side-chains
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or removing a side-chain entirely. Mutations R127W (B5/p6+7 loop) and T164A (9 strand) are
in regions that were shown via spin probes to be close to positions 65 and 74 of the NTR. This
general region of the NTR is hydrophobic, except for a Glu at position 64, and occupies two
observed disordered states. Therefore, loss of a positive charge and introduction of a very
hydrophobic side-chain (R127W) could alter presumed transient interactions with the 65-74
region of the NTR. Mutation T1511 is located in the f6+7/B8 loop, where contacts were
observed via spin probes at positions T2 and T91. A mutation in this region could affect both 32
strand formation/orientation and also the putative interaction with the most distal part of the

NTR.
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Figure 4.1- Comparison of solvent protected regions in HSPB1 WT oligomers and D3GXG
dimers using HDXMS. WT/C137S and D3GXG/C137S samples were prepared at 200uM in
50mM NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer and equilibrated at room temperature for
3 hours. Exchange experiments were performed at room temperature (~25°C) by diluting the
proteins 10X into an identical but D,O based buffer. Peptides analyzed are shown as a series of
horizontal bars (e.g. peptides consisting of 1-10, 11-28, etc.). Time points are represented as
bars stacked vertically for one peptide. The color-coding represents deuteration level of each
peptide (blue- most protected, red- least protected). For certain peptides, the horizontal bar is
split into two sub-bars, which represent two distinct populations (conformations) observed in the
mass spectrum for that peptide. The relative lengths of the sub-bars within one peptide bar
correspond to relative proportions of the two conformations. Overall the ACD is highly
protected for both WT oligomers and D3GXG dimers. The NTR and CTR are largely
unprotected for both proteins, but distinct regions of some solvent protection are observed in the
NTR. Within the NTR, there are moderate changes in solvent protection between WT and
D3GXG for certain peptides.
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Figure 4.2- Far UV CD thermal melts of HSPB1 WT and D3GXG proteins. 20uM samples
of WT (+ reducing agent) and D3GXG/C137S in 25mM NaPi/50mM NaCl/0.25mM
EDTA/pH7.5 buffer were analyzed by far-UV CD spectroscopy at temperatures ranging from
15°C to 95°C. Temperature was increased at a rate of 1°C/min and halted every 10°C for
wavelength scans. WT protein shows a dramatic transition at shorter wavelengths around 65°C.
D3GXG protein shows a similar transition at shorter wavelengths between 55°C and 65°C. The
230 nm positive peak is gone by 55°C, at which temperature the D3GXG CD spectrum looks
highly WT-like (20°C WT spectrum shown as dotted black line).
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Figure 4.3- Analysis of HSPB1 NTR peptide consisting of residues 40-53. (a) In a search of
the HSPB1 NTR sequence against the PDB, yeast isomaltase (PDBID: 3AXH) shows one region
of sequence homology that forms a f-hairpin (red structure) containing stacked tryptophans. (b)
Alignment of the isomaltase sequence depicted in red in (a) with residues 40-53 of HSPBI1.
Tryptophans are highlighted in red. This sequence of HSPB1 was ordered as a peptide with N-
terminal acetylation and C-terminal amidation. (c¢) Far UV CD analysis of the NTR peptide in
(b). 135uM peptide is compared with 20uM WT and D3GXG full-length proteins. All spectra
were collected in 25mM NaPi/50mM NaCl/0.25mM EDTA/pH7.5 buffer at 20°C. The peptide
yields a slightly positive peak around 225 nm but otherwise appears disordered (strong negative
MRE at shorter wavelengths). (d) Far UV CD thermal melt of the peptide (same buffer and
concentration as (c)) shows decrease of the 225 nm peak but a bump remains. There is also a
decrease in ellipticity at shorter wavelengths, suggesting a non-cooperative denaturing of some
type of secondary structure.
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Figure 4.4- Comparison of D3/176del and D3GXG 'H-""N HSQC-TROSY spectra. The full-
length dimer of HSPBI yields a "H-""N HSQC-TROSY spectrum with both dispersed peaks of
moderate to weak intensity and many poorly dispersed peaks in the center of the spectrum that
are very strong in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer at 30°C. The
dispersed peaks generally correspond to more ordered regions of the protein (ACD), while the
poorly dispersed peaks mostly correspond to disordered regions (NTR and CTR). The
D3/176del mutant (green) has sharper peaks and less spectral overlap in the central region
compared to D3GXG (red) due to the smaller size and truncation of the disordered CTR.
Assignments to particular residues in full-length HSPBI1 are indicated.
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Table 4.1- Expected and observed resonances in D3/176del 'H-'""N HSQC-TROSY spectra.

Total residues 176

Prolines 19

Expected backbone H-N resonances 159

Observed backbone H-N resonances 217
Expected Trp H-N resonances 6
Observed Trp H-N resonances 3
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Figure 4.5- Comparison of ACD-only with D3/176del assignments, chemical shifts, and
heterogeneity. (a) 'H-""N HSQC-TROSY spectra collected in 50mM NaPi/100mM
NaCl/0.5mM EDTA/pH7.5 buffer at 30°C of ACD-only and D3/176del mutants of HSPBI1.
There are correlations between the two spectra but almost all peaks shift at least slightly. (b)
Constructs used for assignment. Underlined residues are assigned under these conditions (more
are assigned for ACD-only at lower temperatures). Residues colored red have multiple peaks in
the spectrum. (c) Chemical shift perturbations (CSPs) between the two constructs. Gray bars are
for residues that show multiple peaks, and the strongest intensity peak was selected for CSP
analysis. All peaks have shifted but the strongest changes are observed in the loop preceding 4,
B4, and B9. (d) Map of top 25% CSPs on the HSPB1 ACD NMR structure (PDB ID: 2N3J).
Gray residues are unassigned for both constructs at these conditions. Green residues are
assigned for both constructs and show minimal CSPs. Yellow residues are assigned in ACD-
only but unassigned in D3/176del. Orange residues represent the top 25% CSPs between the two
constructs. Red residues are assigned to multiple peaks (conformational heterogeneity) in the
spectrum.
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Red- multiple peaks observed in D3/176del
Orange- top 25% CSPs

Yellow- assigned in ACD, not in D3/176del
Green- assigned in both ACD and D3/176del

Gray- unassigned
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Figure 4.6- Two distinct sets of peaks observed for a region of the NTR in the D3/176del
"H-'>N HSQC-TROSY spectrum. (a) The central region of the D3/176del 'H-">’N HSQC-
TROSY spectrum is shown (same as Figure 3.11), which generally has resonances corresponding
to residues in unstructured regions. Dotted red lines connect distinct peaks that correspond to a
single residue of the NTR. These residues include E64, S65, A67, V68, and A69. Both
conformations observed are relatively disordered due to the resonance positions and intensities.
(b) Intensities of assigned peaks were measured from the 'H-'""N HSQC-TROSY spectrum and
normalized from 0 to 100 between the weakest and strongest peaks shown. Gray circles
correspond to residues with only one assigned resonance. White triangles correspond to residues
with two or more assigned resonances. Black squares correspond to high intensity peaks that are
also overlapping with other peaks, adding to their apparent intensity. Black x marks are the sum
of intensities for residues with multiple peaks. Black + marks correspond to CSPs relative to
ACD-only (secondary axis). Intensities of peaks in the 62-79 region of the NTR are comparable
to those of the flexible CTR.
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Figure 4.7- Interactions of the NTR with the ACD as seen with PRE probes. The T2C,
S65C, S74C, and T91C mutations in the D3/176del/C137S background were well tolerated and
spin labels could be introduced. 'H-""N HSQC-TROSY spectra were collected with the active
spin label attached and control spectra were collected after, where ascorbate was used to quench
the spin label. The ratio of intensities of active spin label spectra to quenched spectra is plotted
for residues that gave strong enough peaks for analysis. Results are plotted on the HSPB1 ACD
NMR structure (PDB ID: 2N3J) for each spin label position. Residues in gray are not analyzed
or unassigned. Residues in green are relatively unaffected. Residues in red show a significant
intensity loss and are part of a cluster of affected residues. These residues are highlighted in red
on the plots. The blue residues for T91C are position T91 in the ACD structure, where this part
of the truncated structure is disordered.
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Figure 4.8- "H-"C HMQC spectra of 3-methyl Ile-labeled WT and D3 oligomers. Samples
were prepared in D,O-based S0mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer and spectra
collected at 37°C. Peaks corresponding to d-methyl groups of the six isoleucines in WT HSPB1
are shown in black. The diagram below the spectra indicates locations of the six isoleucines in
the sequence. There are more than six peaks observed, therefore there are multiple slowly
exchanging conformations present. Very strong peaks in the center of the spectrum (~12 ppm in
1C) likely correspond to the unbound 1179 and 1181 methyl groups of the IXI motif in the CTR.
D3 oligomers (red) also show peak heterogeneity, but there are additional peaks as positions not
observed for WT oligomers. Therefore, some of the isoleucines in D3 are in different
conformations from WT. The four isoleucines (I179G and I181G mutations are present) of
D3GXG were assigned by mutational analysis and there are only four peaks observed in its

spectrum (green).
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Figure 4.9- "H-C HMQC of o0-methyl Leu/y-methyl Val labeled WT oligomers. The
sample was prepared in D,O-based SO0mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer and
the spectrum collected at 37°C. Very strong and broad peaks in the center of the spectrum
correspond to disordered conformations of the probed methyl peaks of leucines and valines.
Unfortunately these peaks overwhelm the spectrum, making it difficult to resolve more
dispersed, weak peaks. The arrow indicates peaks possibly attributable to ordered conformations
of leucine and valine methyl groups in WT oligomers.
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Figure 4.10- Model of structural features observed in D3GXG. (a) The NTR is colored in
sections representing the local solvent protection at 3 seconds observed by HDXMS.
Heterogeneity observed at the distal part of the NTR is represented by two positions of this
region. Heterogeneity observed by NMR of the 60-70 region of the NTR is represented by an
additional path. Spin label sites and their observed contacts are represented as diamonds and
black lines, respectively. The dotted line emanating from spin label position 91 is presumably an
intermolecular interaction due to likely conformational limitations at this site. In green are the
4 and B8 strands, which show large CSPs relative to the ACD-only construct or are unassigned.
Presumably part of the NTR interacts with the $4/B8 region but the specific region of the NTR
remains undetermined. (b) Properties incorporated into the structural model are displayed along
the D3GXG sequence. (c and d) Alternate conformations of the NTR relative to the ACD are
shown to highlight a variety of possible intra- and inter-contacts that would satisfy PRE
restraints.
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c) Intra-protomer NTR-ACD interactions

d) Inter-protomer NTR-ACD interactions
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Figure 4.11- Interactions of the NTR with the ACD in HSPB6 dimers. Phosphorylated full-
length HSPB6, a predominantly dimeric human sHSP, was crystallized in complex with a
binding partner, the 14-3-3 signaling protein (Sluchanko et al. 2017, PDB ID: SLTW). The
distal part of the NTR, which contains an IXI motif, binds the $4/p8 groove. The highly
conserved region of the NTR (around residue 30 for most sHSPs) is inserted into the B3/p3
groove.
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5. MECHANISMS BY WHICH DISEASE-ASSOCIATED MUTATIONS IN THE NTR
AFFECT HSPB1 OLIGOMERIZATION
5.1 Disease-associated mutants have substantial changes in global structure and function

Disease-associated mutations in the NTR of HSPBI1 are found in two distinct regions.
G34R, P39L, and E41K are clustered in the one highly conserved (amongst sHSPs) region that is
predicted to have moderate helical propensity. G84R is located proximal to the ACD and is near
two phosphorylation sites for HSPB1. Previous studies show that these mutants have disparate
effects on chaperone activity (Muranova et al. 2015, Nefedova et al. 2013). Each of these
mutants has also been reported to form larger oligomers than WT, as seen by earlier elution
profiles in SEC experiments. Below are data that corroborate these findings on NTR disease
mutants in HSPB1 and explore more properties of the mutants.

The ability to inhibit aggregation of the four mutants was compared to WT HSPB1. In a
chaperone assay using a-lactalbumin as a model client protein, the mutations have disparate
effects on the ability of HSPBI1 to delay (lengthen the lag phase) reduction-induced aggregation
(Figure 5.1). The client protein begins to aggregate around 20 minutes (increased absorbance
due to light scattering of aggregates) under these conditions. WT protein delays aggregation
until around 30 minutes. P39L shows a modest increase in chaperone activity relative to WT,
delaying aggregation to 35 minutes. The other mutants are all slightly to modestly poorer
chaperones relative to WT (do not lengthen lag phase as much), with E41K having the largest
effect. These results are consistent with previous reports that G34R, E41K, and G84R are poorer
chaperones than WT with other model client proteins, and P39L is either better than or similar to

WT in activity.
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Each disease mutant was analyzed by size-exclusion chromatography as well as SEC
coupled with multi-angle light scattering (SEC-MALS). SEC is a standard method to probe
quaternary structure of a protein and separates molecules by their hydrodynamic radius. Figure
5.2a shows SEC elution profiles of each disease mutant injected at 100uM and 20uM (monomer
concentration). Each disease mutant elutes earlier than WT, with P39L eluting the earliest,
consistent with previous reports (Muranova et al. 2015, Nefedova et al. 2013). Additionally,
G84R at 20uM shows a large tail after the main peak, which was also previously observed.
Therefore, G84R appears to dissociate at the lower concentration and could be considered a
“weaker affinity” oligomer relative to WT. SEC-MALS calculates the average molar mass of
the species eluting off the column based on light scattering and protein concentration. One can
determine the approximate range of masses for a sHSP complex, and therefore estimate the
number of subunits, without relying solely upon SEC elution standards. Figure 5.2b shows
molar mass calculations (dotted lines) for WT and disease mutants injected at 100uM (monomer
concentration) as they elute off a Superose 6 column on a different setup from that used in Figure
5.2a. All disease mutants elute slightly earlier than WT and have larger average molar masses
with an estimated number of subunits shown in Table 5.1. The earlier elution volumes observed
are consistent with previous findings. WT oligomers have an average molar mass of 488 kDa
(across the top 50% 280 nm absorbance), corresponding to 22 subunits (rounded to nearest even
number, as subunits are disulfide linked). P39L forms the largest oligomers, with a molar mass
of 927 kDa, corresponding to 40 subunits. G34R and G84R elute similarly and have similar
average molar masses of 730 and 751 kDa, corresponding to 32 and 34 subunits for each mutant,
respectively. E41K has a slightly smaller molar mass than the other disease mutants of 639 kDa,

corresponding to 28 subunits. P39L showed the highest level of polydispersity with the
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estimated number of subunits ranging from 34 — 56 over the top 50% of the 280 nm
chromatogram. E41K showed the next highest level of polydispersity, ranging from 24 — 38
subunits. G34R showed slightly increased polydispersity (28 — 38 subunits) relative to WT and
G84R (18-24 and 30-36 subunits, respectively). It should be noted that there are two caveats
with the calculated masses from SEC-MALS in this case. (1) The calculated molar mass at each
point is a weight average of all species present. As there is a mixture of oligomeric species
eluting at each point, the mass reported here is an overestimate relative to the median mass. (2)
Appropriate alignment of MALS and concentration (absorbance or change in refractive index)
curves is necessary for an accurate molar mass calculation. Alignment can only be performed on
a monodisperse sample, therefore a large but more monodisperse standard (ferritin) was used to
align curves for the sHSP mass calculations. Despite these possible sources of error, the relative
changes in mass among these disease mutants and WT HSPBI are reliable and confirm that
earlier elution of these mutants is not due to a large change in hydrodynamic radius without an
increase in the number of subunits.

To probe changes in secondary structure, each disease mutant was analyzed by far UV
circular dichroism spectroscopy (CD). Figure 5.3 shows CD profiles of each disease mutant.
The overall shape of the curve is preserved in each mutant relative to WT. However, the overall
ellipticity increases (larger negative values centered around 200 nm). The positive 230 nm peak
observed for small oligomers (D3 and D3GXG) is not observed for these mutants. The strongest
change in ellipticity is observed for P39L. The mixture of secondary structures here is too
complex for quantitative analysis, or estimating percentages of each secondary structure type.

As random coil gives the weakest ellipticity, it can be inferred that there is not a large increase in
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the proportion of disordered regions in each of these mutants. Instead, it is more likely that there
is a slightly increase in helical and/or beta-strand content in these disease mutant oligomers.

It has been reported that subunits move into and out of sHSP oligomers relatively rapidly.
Therefore measurement of subunit exchange kinetics provides a glimpse of global dynamics.
Here “subunits” is used to describe a variety of possible exchanging species- ranging from
monomer to a small multimers. Previous studies relied upon Forster Resonance Energy Transfer
(FRET) between two different types of fluorophores, each placed on different subunits of a sHSP
oligomer. We found that “homo-FRET” (due to substantial overlap of excitation and emission
wavelengths) between neighboring identical fluorophores in a SHSP oligomer provides a robust
and simpler readout for subunit exchange. Previous exchange studies of HSPB1 used the
naturally occurring cysteine at its dimer interface (C137) for attaching fluorophores. However,
placement of two fluorophores directly across from each other in the dimerized [3-sheet could
introduce a strong bias to the ACD-ACD interaction. Following the studies of exchange in
HSPBS, an analogous position was selected in HSPBI1 in a relatively non-conserved stretch
proximal to the IXI motif (S153 in HSPBS5, T174 in HSPB1). T174 was mutated to cysteine in
cys-free (C137S) versions of WT and each disease mutant. AlexaFluor 488 maleimide was then
conjugated at T174C and excess label removed by desalting column. Pre-equilibrated unlabeled
and fluorophore-labeled proteins (identical in mutation and concentration) were mixed. The
resulting decrease in homo-FRET (quenched state) and increase in fluorescence (dequenched
state), was measured as a function of time as labeled subunits exchanged from heavily labeled
oligomers into unlabeled oligomers (Figure 5.4). The resulting curves were fit to a single
exponential equation to obtain exchange rates. The exchange rate for WT protein was found to

be 0.48 per minute at 20uM protein at 37°C (Table 5.2). The calculated rates are consistent with
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previous work (Cox et al. 2016; Lelj-Garolla and Mauk 2012). G34R, E41K, and G84R have
similar exchange rates under the same conditions of 0.52, 0.45, and 0.42 per minute,
respectively. In contrast, P39L oligomers undergo much slower subunit exchange at a rate of
0.15 per minutes at 20 uM and 37°C, around one third the rate of the other proteins. Similar
experiments were performed for higher and lower concentrations of each mutant. There does not
appear to be a significant change in exchange rate within the concentration range of 5 uM — 40
uM protein. Exchange rates for WT and P39L oligomers were also measured at 25°C. The
calculated rates at 25°C were approximately one-tenth of the rates at 37°C (Table 5.2). The lack
of dependence on concentration in these experiments suggests that the observed exchange rate is
limited by the off-rate of subunits, which is generally concentration independent, as opposed to
the on-rate, which is generally concentration dependent. Therefore, the slower exchange rate
observed for P39L could be interpreted as a slower off-rate of subunits.

It is evident that P39L stands out amongst these mutants as having the most dramatic
change in oligomeric size, a different propensity in chaperone activity, and the only mutant to
have an effect on subunit exchange kinetics. However, the lack of clear correlation between any
of these behaviors for the other mutants demanded a more detailed analysis of local structural
effects.

5.2 Disease-associated mutants have subtle changes in local structure and dynamics

To identify regions of HSPB1 that exhibit changes in dynamics, the disease mutants were
analyzed by hydrogen-deuterium exchange mass-spectrometry (HDXMS). This method probes
the solvent accessibility of backbone amides at peptide-level resolution. WT/C137S,
G34R/C1378S, P39L/C137S, E41K/C137S, and G84R/C137S mutants were examined. All

conditions were maintained from the experiment shown in Chapter 4 to compare WT/C137S
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with D3GXG/C137S. The results in Figure 5.5 are presented in two different formats (a and b)
and discussed below.

As in the previous experiment, the ACD of WT HSPBI is highly protected, relative to the
NTR and CTR, with most peptides showing only 50% deuterium exchange after one hour at
room temperature (~25°C). The CTR is not protected, as expected for a disordered region, with
the peptide including the IXI motif (179-185) being predominantly unprotected. A minor
protected population is observed at three seconds that was not resolvable in the previous
experiments. This is consistent with findings that only a small population of CTRs in an
oligomer are bound to 4/B8 grooves.

The NTR is generally unprotected from solvent, as expected for a disordered region of a
protein. Multiple peptides show different conformations, confirmed by several overlapping
peptides (Appendix A). The most distal peptide (1-10) exists in two distinct states, one
moderately protected and one highly unprotected. Given the challenge of quantitatively
deconvoluting multiple states, the exact proportion and protection of each state should be
considered only qualitatively. The fact that the protected population of the 1-10 peptide does not
substantially decrease in proportion in the early three time points suggests that the exchange
between these two states is very slow. The disappearance of the protected population by 4
minutes is most likely due to this structural state becoming fully exchanged (with deuterium).
Note that a much longer period of time (~30 minutes) is required for subunit exchange amongst
oligomers at this temperature (Table 5.2). Therefore the deuteration behavior observed for the
protected state of this peptide is consistent with a local structural feature, such as formation of a
helix or intramolecular B-strands. Peptide 11-28 shows slight protection at early time points.

Peptide 29-41 also shows two distinct states of protection, similar to peptide 1-10; this peptide
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contains the one highly conserved region of the NTR, has moderate helical propensity, and
includes several sites of disease-associated mutation. The region consisting of residues 42-53
does not have coverage due to overlap of peptides containing this region with other species in
their mass spectra, precluding clear analysis. Peptide 54-62, which encompasses the start of the
insertion unique to HSPB1, shows a slight bimodal propensity at the first time point but is
predominantly unprotected, representing a highly flexible and solvent accessible region of the
NTR. Peptide 63-78 shows a complete lack of protection and indicates high flexibility. Finally,
peptide 77-99, which is at the interface of the NTR and ACD and includes the sequence that
might form the 2 strand, also shows two distinct states that are defined through the 4 minute
time point. This bimodal behavior could be attributed to formation of the 2 strand (more
protected state) in one population and a different environment of this sequence from the ACD in
the other (less protected state). The deuteration profile presented here highlights regions of
particular interest in the NTR where changes in protection might explain further global effects in
an HSPBI oligomer.

The disease mutants G34R and G84R have very similar NTR protection profiles to each
other and differ from WT oligomers in similar ways. The 1-10 bimodal peptide shows relatively
similar proportions and deuteration levels amongst WT and both mutants. Similarly peptides
11-28, 54-62, and 63-78 do not show substantially different behaviors for either mutant relative
to WT. The lack of a bimodal distribution for peptide 54-62 in G84R could be due to an inability
to distinguish the small, protected population that is slightly more deuterated (and therefore
overlapping with the second state) in this case. Major differences between WT and these two
mutants are seen for peptides 29-41 and 77-99. While two distinct states exist in these peptides

for the WT protein, G34R and G84R appear to lose their protected states (or a small population
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is seen at 3 seconds) and become completely unprotected in these regions. In the ACD, the only
change observed is that both G34R and G84R mutants show less protection in the 100-109
peptide, which consists of the loop between 33 and p4, relative to WT. Taken together, these
data suggest that in the G34R and G84R mutants, the 32 strand does not form, or at least does
not form alongside the 33 strand. As with the D3GXG mutant presented in Chapter 4, it might
be that the behavior of peptides 29-41 and 77-87 are coupled.

The E41K mutant shows a very similar deuteration profile to WT. Similar proportions of
heterogeneity are observed for the 1-10 and 77-99 peptides as well as the relative deuteration
levels of the two populations. Unfortunately, the E41K mutation disfavored pepsin cleavage
near the mutation site and therefore matching or similar peptides (i.e. 29-41) could not be
analyzed. Therefore, we can only speculate on whether E41K might behave WT-like or
differently (loss of heterogeneity as in G34R and G84R) in this region of interest. Given the
coupling of the loss of heterogeneity in peptides 29-41 and 77-99 in the G34R and G84R
mutants, E41K likely retains heterogeneity in the 29-41 region as the 77-99 region is WT-like.
Similarly, peptide 150-163 was not analyzable due to overlap in the mass spectra. Overall, E41K
appears to have the most similar local dynamics to WT when compared to other NTR disease
mutants.

The P39L mutant differs in its HDX profile from WT in ways different from the other
two disease mutants. The 1-10 peptide still shows two distinct states existing in P39L, but the
proportion of the protected state has increased slightly. Conversely, the proportion of the
protected state of peptide 77-87 has decreased slightly in P39L. Again, as it is difficult to
absolutely deconvolute the two states in these peptides and alternate deconvolutions may exist

(i.e. smaller proportion of a more protected state vs. larger proportion of a less protected state), it
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is more prudent to describe the deuteration profile of P39L in these regions as notably different
from WT. The most dramatic change in P39L behavior occurs in the 29-41 peptide. Bimodal
behavior is still observed, but the protected state is even more protected from solvent exchange.
The simplest explanation is a stabilization of this protected state in the P39L mutant. As the
deuteration profiles of the remaining peptides (including the ACD) of P39L appear very similar
to their WT counterparts, there is no clear suggestion that other regions are coupled with the
protected conformational state of this region. This is the only region to become overall more
protected in P39L, and this is not the case for the other disease mutants. Therefore there is likely
a connection between the 29-41 region and the greatly reduced subunit exchange kinetics
observed for P39L.
5.3 Disease-associated mutations cause disparate global effects in a dimer-prone mutant

To further probe local structural effects of disease-associated mutations in the NTR, each
mutation was placed into the D3GXG context. Figure 5.6 shows a chaperone assay in which
WT, D3GXG, and each disease mutant in D3GXG are compared. As shown in Chapter 3,
D3GXG is a much more potent chaperone than WT, specifically at delaying the aggregation of
a-lactalbumin. G34R/D3GXG and G84R/D3GXG retain this similar behavior. E41K/D3GXG
is a moderately weaker chaperone than D3GXG but is still much better than WT. P39L/D3GXG
is the weakest chaperone of the disease mutant/D3GXG combinations and only delays
aggregation slightly past WT. Specifically, the D3GXG mutations do not afford P39L any
additional chaperone activity. The relative trends among mutants are in contrast to the disease
mutants not in the D3GXG context (Figure 5.1), where P39L is the strongest chaperone.

Disease mutations in the D3GXG context were analyzed by SEC and CD to probe for

changes in global and local structure. Interestingly, two of the disease mutations in D3GXG are
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not predominantly dimeric. Figure 5.7a shows that P39L/D3GXG and E41K/D3GXG both form
very large, polydisperse oligomers that do not readily dissociate at lower concentrations.
G34R/D3GXG remains in a small oligomer/dimer form but has a very different elution profile
from D3GXG. At higher concentrations there is an earlier eluting shoulder, possibly
corresponding to small oligomers. At lower concentrations, the protein elutes much later and
broader than D3GXG, even though the protein is under non-reducing conditions (disulfide linked
dimer interface). This suggests that G34R/D3GXG (presumably) dimers adopt a more compact
conformation that travels through a larger volume in the column. G84R/D3GXG behaves very
similarly to D3GXG by SEC, eluting as a sharp peak at both concentrations. Figure 5.7b shows
CD profiles of each of these mutants relative to D3GXG and their non-D3GXG counterparts.
P39L/D3GXG adopts very similar secondary structure to P39L. E41K/D3GXG has reduced
ellipticity, therefore this combination of mutations may destabilize the protein slightly.
However, the E41K/D3GXG profile looks highly similar to that of the GXG mutant, which also
forms large oligomers. It might be that the E41K mutation “rescues” the effects of the D3
mutations, leaving only GXG-like observable effects on local structure. Although forming small
oligomers/dimers, G34R/D3GXG does not adopt D3GXG-like secondary structure and remains
similar to G34R. This suggests that the G34R mutation might disfavor the structural feature
responsible for producing the positive 230 nm feature observed in D3GXG and other small
phosphorylation-mimicking oligomers. G84R/D3GXG completely adopts D3GXG-like
secondary structure. Therefore, NTR disease mutants have distinct effects on local structure that

then impact oligomerization propensity.
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5.4 Sites of local changes in structure and dynamics in disease-associated mutations in
D3GXG

Each disease mutant in the D3GXG/C137S context was analyzed by HDXMS (Figure
5.8) comparably to the disease mutants in Figure 5.5. Although different peptides are favored for
cleavage due to the D3/GXG mutations (Appendix A), almost entirely identical peptides are
presented in Figure 5.8. Peptide 164-185 for D3GXG mutants is presented in contrast to
separate 164-178 and 179-185 peptides for WT and disease mutants, as the GXG mutations
disfavor cleavage in this region.

The ACD is similarly solvent protected in all mutants, however moderate changes are
observed in two regions. In the D3GXG context, G34R and P39L mutants are somewhat less
protected in peptides 100-109 and 150-163 relative to D3GXG and their non-D3GXG
counterparts. Peptide 100-109 corresponds to the loops between 33 and 4 strands, therefore it
is possible that this loop becomes more flexible in these contexts, perhaps due to the absence of a
transient interaction with another part of the protein. Similarly, peptide 150-163 corresponds to
the B8 strand at the edge of the ACD. As this strand is unobservable by NMR in the D3GXG
mutant and is presumed to be interacting with another region of the protein, a loss of solvent
protection suggests a loss of this potential interaction.

Of the observable peptides belonging to the CTR, there are no major differences among
any of these mutants. The 186-205 peptide remains completely solvent exposed for all cases.
The 164-185 peptide, which is relatively large (i.e. more challenging to interpret) and contains
the B9 strand, shows slight protection at early time points for D3GXG and G34R/D3GXG. The
peptide is completely unprotected for P39L/D3GXG and G84R/D3GXG. It was not possible to

analyze the 164-185 peptide for E41K/D3GXG due to spectral overlap.
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In the NTR, some differences are observed between D3GXG and each disease mutant in
the D3GXG context. The 1-10 peptide shows a high proportion of the protected state at early
time points for D3GXG. This high proportion is also observed in E41K/D3GXG and
G84R/D3GXG; in the latter case, the unprotected state is not observed or overlaps too much with
the protected state in the mass spectra. G34R/D3GXG and P39L/D3GXG, however, showed
decreased propensities of the protected state of the 1-10 peptide. Although the 29-41 peptide for
P39L/D3GXG could not be analyzed, a similar peptide (29-38) is shown for comparison. While
D3GXG and the other disease mutants are largely unprotected in this region, P39L/D3GXG
somewhat retains protected, heterogeneous states as observed in P39L-only. For D3GXG and all
mutants in this context except for E41K, the 77-99 peptide shows only one relatively unprotected
state (an additional protected state is observed in WT, P39L, and E41K oligomers).
E41K/D3GXG, however, retains the heterogeneity observed in this region for E41K-only. The
remaining NTR peptides (11-28, 54-62, and 63-76) do not show substantial changes in protection
among these D3GXG mutants.

In D3GXG and disease/D3GXG mutants that form smaller oligomers, there is generally
less protection observed for most peptides. However, peptide 33-41 represents a case of
moderately increased protection for D3GXG relative to WT as shown in Figure 5.8b. This
peptide could be analyzed for G34R and G84R mutants, which each form large oligomers, and it
is similarly unprotected compared to WT. Peptide 33-41 in G84R/D3GXG, which remains a
D3GXG-like dimer with a D3GXG-like CD signal, also remains somewhat protected, similar to
D3GXG. In contrast, this peptide in P39L/D3GXG, which forms very large oligomers, is highly
unprotected. The increased protection observed for this peptide in mutants that form dimers

suggests that a new secondary structure feature or interaction might be formed.
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As both G34R/D3GXG and G84R/D3GXG form small oligomers/dimers, they were
analyzed by NMR spectroscopy. Figure 5.9 shows overlaid "H-'""N HSQC-TROSY spectra of
D3/176del and G84R/D3GXG. G84R/D3GXG was not deuterated and there was no analogous
spectrum of undeuterated D3GXG on the same magnet, therefore a spectrum of undeuterated
D3/176del is used for comparison. The G84R/D3GXG spectrum is highly similar to its non-
disease counterpart, suggesting that overall structural features are preserved. This is consistent
with SEC and CD profiles of G84R/D3GXG compared to D3GXG. However, a number of
peaks shift slightly to moderately, suggesting subtle changes in the chemical environments of the
corresponding residues. Of the assigned peaks in D3GXG, these affected peaks correspond to
residues at the dimer interface (136-140) and two residues in 9 (163 and 164). A quantitative
analysis was not performed due to the many differences between these two samples (length of
construct, protein concentration). The shifts observed at the dimer interface are reminiscent of
behavior of the ACD-only at low pH, where the intricate charge network of ACD side chains is
perturbed. G34R/D3GXG did not yield an ideal spectrum and only a few peaks corresponding to
the flexible CTR were observable. This suggests that even at “low” concentrations for NMR (50
uM), self-association of G34R/D3GXG is causing peaks to be broadened out.

5.5 Discussion of structure-function relationship in disease-associated mutants of HSPB1

Multiple properties of NTR disease-associated mutants were examined, including probing
their behavior in the D3GXG context. This study provided valuable insights into the local and
subsequent global structural effects that could mechanistically explain changes in function.
Results for each mutant are described below and summarized in Table 5.3.

G34R- The glycine at position 34 of HSPBI is conserved among both orthologs and

paralogs and is at the end of the small stretch of the NTR that is conserved among sHSPs. In the
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HSPBS oligomeric model (Jehle et al. 2011), this glycine is in a helix modeled into the NTR.
Glycines provide a high level of flexibility, as there is no side chain present. The effects of the
arginine mutation at this position could be attributed to both a loss in flexibility and the
introduction of a large, charged side chain. Relative to WT HSPB1, G34R is a slightly poorer
chaperone for the model client protein used here- a-lactalbumin. This result is consistent with
poorer activity observed for other client proteins (Muranova et al. 2015). G34R oligomers elute
earlier than WT and appear to have a similar stability (not dissociating) in the concentration
range examined. The average number of subunits in G34R oligomers increases from 22 to 32
relative to WT oligomers and the polydispersity increases slightly. The additional subunits could
be incorporated in numerous ways that would be confirmed best by electron microscopy.
Although the polydispersity would inhibit determination of high-resolution structures, the
general dimensions could be elucidated. Both WT and G34R oligomers undergo subunit
exchange at very similar rates, therefore the global dynamics are not affected by this mutation.
However, there are changes in local dynamics. By HDXMS, it is evident that the protected
conformations observed in peptides 29-41 and 77-99 are lost in the G34R mutant. As the G34R
mutation is within the 29-41 peptide it is not surprising that there appears to be a change in
secondary structure. Specifically, any feature that was formed in this region in WT oligomers is
disfavored by the G34R mutation. The loss of a protected state in the 77-99 region is an indirect
effect that is possibly coupled with the effects seen in 29-41. Specifically, the protected
conformations seen in these two regions are likely coupled and only appear as a pair in the
subsequent mutants discussed.

The G34R/D3GXG mutant adopts both strong D3GXG-like chaperone activity and forms

small oligomers. Therefore, the G34R mutation does not appear to promote oligomerization.
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However, the SEC elution profile of G34R/D3GXG suggests there are differences in shape of the
molecule relative to D3GXG. Specifically, the G34R/D3GXG dimer (disulfide linked) elutes
later than D3GXG, suggesting a more compact average conformation. The later elution could
also be due to the mutant interacting with the column resin, as different hydrophobic regions
might be exposed. Although G34R/D3GXG forms dimers/small oligomers, it does not adopt
D3GXG-like secondary structure as seen by CD. Therefore, the structural feature attributable to
the positive 230 nm peak in D3GXG (likely an exciton couplet between tryptophans) is not
present in G34R/D3GXG. Relative to G34R, G34R/D3GXG does not show any substantial
changes in local dynamics by HDXMS except for moderately decreased protection of peptides
100-109 and 150-163. Loss of protection in these parts of the ACD suggest a loss of transient
interactions between the ACD and parts of the NTR (discussed further in Chapter 6). Overall, it
is evident that the G34R mutation in the D3GXG context likely adopts different local (secondary
and tertiary) structure from D3GXG, but this does not impact chaperone function with the model
client examined here.

P39L- The proline at position 39 of HSPBI is conserved among orthologs but not among
paralogs. In fact, this position is a leucine in some human sHSPs. In the HSPBS5 oligomeric
model (Jehle et al. 2011), this position does not have a proline and is in a helix modeled into the
NTR. Prolines are relatively rigid compared to other residues due to being locked in one
backbone phi-angle. Therefore prolines are often found capping helices in ordered regions of a
protein. Disordered proteins and regions are often enriched in prolines as they do not promote
ordered secondary structure but also limit the conformational space, possibly disfavoring
aggregation. Mutation of the proline in HSPBI1 likely changes the structural propensity of this

region. Relative to WT HSPB1, P39L is a moderately better chaperone for the model client
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protein used here- a-lactalbumin. In a previous study, P39L was found to have only WT-like
activity with other client proteins, but the trend of P39L being a better chaperone compared to
the other NTR disease mutants is consistent (Muranova et al. 2015). Of all of the NTR disease
mutants, P39L oligomers elute earliest by SEC and have the most substantial increase in the
average number of subunits- from 22 subunits in WT to 40. There is a large increase in
polydispersity of oligomers observed by SEC for P39L. Also, P39L is the only mutation that
alters subunit exchange. Specifically, the rate of exchange is approximately one-third the rate of
WT. The only substantial change observed in local dynamics by HDXMS is the increased
protection of the protected conformation of peptide 29-41. P39 is within this peptide, thus
substitution of the rigid proline likely alters secondary structure propensities in this region.
Given the predicted helical structure in this region (secondary structure prediction and modeling
of HSPBS oligomers), a proline to leucine mutation could increase helical propensity. It is likely
that the more strongly protected feature in P39L is coupled with the slower subunit exchange.
Specifically, a more rigid helix in the 29-41 region could slow the off-rate of subunit exchange in
P39L oligomers. It is also possible that the slower exchange rate and/or change in secondary
structure in the 29-41 region is responsible for the increased chaperone function.

The P39L/D3GXG mutant adopts neither D3GXG-like chaperone activity nor D3GXG
quaternary structure. This mutant remains a similar chaperone to WT, therefore it has not lost its
function. The oligomers formed in this context are very large and broad as seen by the SEC
elution profile, more so in both aspects than P39L-alone. P39L/D3GXG also retains P39L-like
secondary structure. Therefore, the structural feature attributable to the 230 nm peak in the
D3GXG CD spectrum is not observable in this mutant. Unfortunately the 29-41 peptide was not

observable by HDXMS, but a similar 29-38 peptide shows that two protected states at early time
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points are retained (similar to P39L-only). However, the protected conformation observed in
peptide 77-99 in WT and P39L oligomers is not observed in P39L/D3GXG. Therefore the
D3GXG mutations impact local dynamics of P39L oligomers. Similar to G34R/D3GXG,
P39L/D3GXG shows moderately decreased protection of peptides 100-109 and 150-163. Loss
of protection in these parts of the ACD suggest a loss of transient interactions between the ACD
and parts of the NTR. The increased protection observed in the 29-41 region for P39L and the
slower exchange rate likely account for the ability of P39L/D3GXG to form large oligomers.
Despite the mutations to abrogate NTR-NTR and ACD-CTR interactions, some type of
interaction beyond the canonical ACD-ACD interaction is present in these oligomers.

E41K- The glutamate at position 34 of HSPB1 is conserved among both orthologs and
paralogs as either a glutamate or aspartate. In secondary structure prediction of the NTR of
HSPBI, this position is at the very start of a helix. In the HSPBS5 oligomeric model (Jehle et al.
2011), this position (aspartate) is at the end of a helix modeled into the NTR. As a negative
charge is conserved at this position, the E41K mutation could affect the protein by both loss of a
negative charge and introduction of a positive charge. Relative to WT HSPBI1, E41K is a
slightly weaker chaperone for the model client protein used here- a-lactalbumin. This result is
consistent with weaker activity observed for other client proteins (Muranova et al. 2015). E41K
oligomers elute earlier than WT as seen by SEC, and they exhibit the smallest change in subunits
of the disease mutants- increasing from 22 subunits in WT to 28. Subunits exchange at a similar
rate in both WT and E41K oligomers. Overall, there are no substantial changes in local
dynamics relative to WT oligomers as observed by HDXMS. However, the conserved 29-41

region of particular interest could not be analyzed due to lack of pepsin cleavage at this site.
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The E41K/D3GXG mutant forms very large, polydisperse oligomers (more so than for
E41K-alone), similar to P39L/D3GXG oligomers. However, the chaperone activity of
E41K/D3GXaG is intermediate between E41K and D3GXG. CD spectra of E41K/D3GXG reveal
a secondary structure similar to that of GXG, which overall has weak ellipticity relative to all
other mutants probed. Therefore secondary structure different from that of E41K or D3GXG
alone is adopted. The simplest explanation for GXG-like secondary structure is that the E41K
mutation “undoes” some of the effects of phosphorylation-mimicking mutations, leaving a net
change in global interactions similar to GXG-only. By HDXMS however, there are no dramatic
differences observed between E41K and E41K/D3GXG. There is an increased proportion of the
protected state of the 1-10 peptide, similar to D3GXG. However, the inability to probe the 29-41
peptide means we cannot rule out a local structural change in this region that might be
responsible for the dramatic changes observed by CD and SEC.

G84R- The glycine at position 84 of HSPBI is conserved among orthologs and appears
conserved among paralogs, but there is little homology in this region for a reliable alignment.
The effects of the arginine mutation at this position could be attributed to both a loss in
flexibility and the introduction of a large, charged side chain. This glycine is in the 32 strand of
the crystal structure of HSPBI1, and this region is predicted to form a 3 strand. In HSPBS
oligomeric models and structures of ACD-only constructs, this glycine is also in the region of the
B2 strand, which is modeled to form in only certain conformations in the oligomeric model.
Glycines provide a high level of flexibility, as there is no side chain present. Relative to WT
HSPBI1, G84R is a slightly poorer chaperone for the model client protein used here- o.-
lactalbumin. This result is consistent with poorer activity observed for other client proteins

(Nefedova et al. 2013). The average size of G84R oligomers is larger than WT oligomers as
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seen by earlier elution and an increase in average number of subunits from 22 to 34. However, at
lower concentrations G84R oligomers appear to dissociate and form a long tail by SEC. This
weaker global affinity of G84R oligomers is consistent with previous findings (Nefedova et al.
2013). Despite the lowered apparent affinity of G84R oligomers, the subunit exchange rate
remains similar to WT. The G84R mutation shows essentially the same effects as G34R on local
dynamics as seen by HDXMS. Specifically, peptides 29-41 and 77-99 appear to lose their
protected conformations. As the G84R mutation is in the 77-99 region, a direct local effect is the
more straightforward explanation for this structural change. The coupled loss of protected
structure in both regions mirrors the coupled effects in G34R.

The G84R/D3GXG mutant adopts D3GXG-like chaperone activity, quaternary structure,
and secondary structure. SEC elution profiles of this mutant and D3GXG overlay very well,
suggesting similar conformations and resulting hydrodynamic radii are adopted. Similarly, the
CD spectra of both mutants overlay very well, indicating that D3GXG-like secondary structure is
preserved with the G84R mutation present. Overall, there were no major changes observed in
local dynamics by HDXMS comparing G84R/D3GXG to D3GXG. In comparison to G84R-
only, G84R/D3GXG has altered protection in the 1-10 peptide. Specifically, only one
conformation is observed but it is more solvent exposed than the protected state observed in
G84R-only. Additionally, the 33-41 peptide that is more protected in D3GXG compared to WT
also has increased protection in G84R/D3GXG compared to G84R-only. Therefore, similar local
structural changes are still present when G84R is introduced into the D3GXG context, suggesting
this region is linked to the unusual CD feature observed at 230 nm. This mutant was also
amenable to NMR as it remains dimeric at high concentrations required for NMR (~200uM).

Several peaks are shifted in the G84R/D3GXG NMR spectrum relative to D3GXG. Of assigned
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peaks, the most affected predominantly correspond to residues at the ACD-ACD dimer interface.
These residues are also often affected in response to lowered pH or certain mutations in the ACD
as discussed in Chapter 4. Also, oligomers at low pH or containing ACD disease-associated
mutations on average form larger but lower affinity oligomers compared to WT. G84R is at the
boundary between the NTR and ACD, where the 32 strand might form antiparallel to the $3
strand. If the B2 region were oriented away from the ACD as in the ACD-only NMR structure, it
seems unlikely that dimer interface residues would be affected by mutation of this region.
Coupled with the lack of assignments for 33 in the D3GXG context (whereas these are assigned
in the ACD-only context), this result suggests that the 32 region is likely folding over the ACD,
possibly forming a strand along 3 in the D3GXG context. However, the frequency of this
structural feature occurring remains to be determined. It is possible that there is space for only a
single B2 strand in a D3GXG dimer.

The correlation of several biophysical properties and chaperone activity of disease
mutants of HSPB1 fit a general model of binding site availability as discussed in the previous
section. Each of the NTR disease mutants shows some chaperone activity that varies between
“normal” (only disease mutation present) and D3GXG contexts. In the D3GXG context, each
mutant has equal or stronger chaperone activity relative to its non-D3GXG counterpart.
Presumably, each D3GXG mutant has increased availability of its B4/p8 groove to clients, due to
the IXI to GXG mutation in the CTR. G34R/D3GXG and G84R/D3GXG both form dimers or
small oligomers, where presumably the NTR is more available for client interactions. Both of
these mutants have similar activity to D3GXG, which is the most potent chaperone explored in
this thesis. E41K/D3GXG has increased chaperone activity relative to E41K and decreased

activity relative to D3GXG. P39L/D3GXG is still a stronger chaperone than WT but is the
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weakest of the disease mutants in the D3GXG context. Similar to E41K/D3GXG, P39L/D3GXG
likely has accessible p4/B8 grooves and less accessible NTRs. However, P39L/D3GXG retains
its P39L-like secondary structure, suggesting that the local structural effects are very different
between P39L and E41K mutations in the D3GXG context. Therefore, client-binding regions
along the NTR could vary between these two mutants, despite close proximity of the mutations.
The mechanism for effects on chaperone activity in the disease mutants alone (no D3GXG
mutations) is less clear. The decreased activity of G34R, E41K, and G84R could be due to
decreased accessibility of NTR or $4/B8 groove binding sites. The formation of larger oligomers
by these mutants could suggest increased NTR-NTR interactions and therefore limited
availability to clients, but this is a highly speculative relationship. In the case of P39L, the
increased protection of the protected conformation seen in the 29-41 peptide likely lowers the
subunit exchange rate as there are no other major changes in local dynamic observed. The
altered structural propensity in this region could directly alter one or more NTR client-binding
sites. However, more indirect effects on activity could be due to the altered subunit exchange

rate for P39L.
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Figure 5.1 - Chaperone assay of NTR disease mutants and WT HSPB1. The chaperone
assay was performed in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer at 37°C.
Aggregation of the model client protein a-lactalbumin (600uM) was triggered by reduction of
disulfide bonds (addition of 20mM DTT) and subsequent destabilization. Absorbance was then
measured as a function of time in the presence or absence of WT, G34R, P39L, E41K, or G84R
forms of HSPB1 at 30uM (monomer concentration). Absorbance increases as the client protein
aggregates due to light scattering. Duplicates in the same assay are shown as dashed lines. WT
moderately delays formation of aggregates (prolonged lag phase). G34R, E41K, and G84R
mutants do not delay aggregation as well as WT. P39L delays aggregation moderately more than
WT, making it the strongest chaperone for this client.
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Figure 5.2 - SEC and SEC-MALS profiles of NTR disease mutants and WT HSPB1. (a)
WT, G34R, P39L, E41K, and G84R samples were prepared at 100uM and 20uM (monomer
concentration) in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer and incubated at 37°C
for one hour. Samples were then injected onto a SEC column (24 mL Superose6) at room
temperature. WT traces (identical for Figure 3.1a) are shown for comparison. Each disease
mutant elutes earlier than WT. G84R shows oligomer dissociation as seen by the tail after the
main peak at 20uM. (b) Identical samples were prepared at 100uM. Samples were then injected
onto a SEC column (2.4 mL Superose6) at room temperature. Eluted samples were analyzed by
absorbance, multi-angle light scattering (MALS), and change in refractive index. Each disease
mutant elutes slightly earlier than WT. Molar mass calculations based on the relationship
between light scattering and concentration (from change in refractive index) are plotted in dotted
lines across the top 50% of the 280 nm absorbance. All oligomers are polydisperse in that a
broad range of masses are present. All disease mutants for larger (by mass) oligomers than WT.

146



Table 5.1- Molar masses and corresponding number of subunits calculated for WT and
NTR disease mutant oligomers based on SEC-MALS. Average masses and mass ranges are
reported over the top 50% of the 280 nm absorbance of each chromatogram.

Average molar

Estimated # of

Molar mass

Estimated # of

mass (kDa) subunits range (kDa) subunits
WT 488 22 420 - 530 18-24
G34R 730 32 638 - 856 28-38
P39L 927 40 783 -1250 34-56
E41K 639 28 531 -854 24 -38
G84R 751 34 659 - 809 30-36
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Figure 5.3 - Far-UV CD profiles of WT and NTR disease mutants of HSPB1. 20uM samples
of WT and NTR disease mutants were prepared in 25mM NaPi/50mM NaCl/0.25mM
EDTA/pH7.5 buffer were analyzed by far-UV CD spectroscopy at 20°C. Samples were
incubated at room temperature for 3 hours prior to measurement. Each disease mutant shows
moderate to no (as for G34R) increases in overall ellipticity. P39L shows the strongest effect
relative to WT.
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Figure 5.4 - Subunit exchange kinetics of NTR disease mutants and WT HSPB1 via homo-
FRET. C137S/T174C mutations were made in WT, G34R, P39L, E41K, and G84R in order to
attach AlexaFluor 488. For the representative curves here, 20uM samples were prepared in
50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer and incubated at 37°C for one hour. For
each mutant, fluorophore-labeled and unlabeled protein was mixed in a 1:2 ratio and the change
in fluorescence was measured with time at 37°C. Fluorophore-labeled subunits are quenched in
oligomers containing many other fluorophore-labeled subunits. Exchange out of labeled
oligomers results in a release of homo-FRET (or quenching) and a subsequent increase in
fluorescence. Data were fit to a single exponential rate function. Only the P39L mutant shows a
substantial change in subunit exchange rate.
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Table 5.2- Calculated subunit exchange rates for NTR disease mutants and WT HSPBI1 at

different concentrations and temperatures via homo-FRET.

37°C 25°C
Rate Rate error R2 Rate Rate error R2
(min) (min?) (min) (mint)
40 uM 0.556 +/- 0.006 0.9985 0.0592 | +/-0.0006 | 0.9974
WT 20uM 0.475 +/-0.008 0.9963 0.0535 | +/-0.0006 | 0.9969
5uM 0.487 +/-0.012 0.9915
40 uM 0.561 +/-0.020 0.9856
G34R 20uM 0.520 +/-0.033 0.9584
5uM 0.512 +/- 0.039 0.9316
40 uM 0.165 +/- 0.002 0.9978 0.0156 | +/-0.0001 | 0.9981
P39L 20 uM 0.149 +/- 0.001 0.9983 0.0146 | +/-0.0001 | 0.9978
5uM 0.148 +/- 0.002 0.9952 0.0117 | +/-0.0002 | 0.9944
35 uM 0.457 +/-0.018 0.9854
E41K 20 uM 0.446 +/-0.019 0.9804
5uM 0.329 +/-0.018 0.9483
40 uM 0.414 +/-0.013 0.9807
G84R 20 uM 0.421 +/-0.015 0.9834
5uM 0.367 +/-0.026 0.9200
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Figure 5.5 - Comparison of solvent protected regions in NTR disease mutants WT HSPB1
using HDXMS. WT/C137S, G34R/C137S, P39L/C1378S, E41K/C137S, and G84R/C137S
samples were prepared at 200uM in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer and
equilibrated at room temperature for 3 hours. Exchange experiments were performed at room
temperature (~25°C) by diluting the proteins 10X into an identical D,O based buffer. Peptides
analyzed are shown as a series of horizontal bars (e.g. peptides consisting of 1-10, 11-28, etc.).
(a) Time points are represented as bars stacked vertically for one peptide. The color-coding
represents deuteration level of each peptide (blue- most protected, red- least protected). For
certain peptides, the horizontal bar is split into two sub-bars, which represent two distinct
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populations (conformations) observed in the mass spectrum for that peptide. The relative lengths

of the sub-bars within one peptide bar correspond to relative proportions of the two

conformations. (b) The data is alternately presented as quantitative line plots for each peptide,

except for the addition of the 33-41 peptide and omission of the 186-205 peptide (completely

unprotected in all cases). For peptides that show multiple conformations, the weighted average
of deuteration is presented.

100%
80%
60%
40%

Deuteration %

20%
0%
100%
80%
60%
40%

Deuteration %

20%
0%

100%
80%
60%
40%

Deuteration %

20%
0%
100%
80%
60%

40%

Deuteration %

20%
0%
100%
80%
60%
40%

Deuteration %

20%
0%
100%
80%
60%
40%

Deuteration %

20%
0%

Time (min)

1-10 1 11-28
“©-G34R i -0-G34R
=0-p39L ] =0-p39L
~0-E41K i ~0-E41K
°-G84R 0-G84R
29-41 1 33-41
: || //j;nj1
-0-G34R
] -0-G34R
=0-p39L
©-G84R | ©-G84R
55-62 —f | | f—8—=—=0—=—3F
W | 63-76
--wT —-—WT
-o-G34R | -o-G34R
=o-p39L 1 =o-p39L
~0-E41K _ =0-E41K
©0-G84R ©0-G84R
77-99 1 =Wt 100-109
| -e-G34R
~o-p39L
—e-wr 1 -e-eax
zom || e
“0-E41K .
0-G84R . ' ' '
“*=WT 110-137 1 —*wrt 138-163
-0-G34R | -e-G34R
=0-p39L =0-p39L
=0-E41K _—2 | =e=ea1k
164-178 : 179-%@0
Hﬂﬁe -—WT
-0-G34R “©-G34R
=0=p39L 7] “0=P39L
=0-E41K i “0-E41K
0-G84R 0-G84R
0.0 0.1 1.0 100  100.0 0.0 0.1 1.0 100  100.0

Time (min)

152



Z —
=
2
o 157 Client
=)
©
(<)) —WT
c
s 1 —G34R/D3GXG
3 —P39L/D3GXG
< 5 | —E41K/D3GXG
_ / G84R/D3GXG
| D3GXG
o ! T T T T T T T T T

0 10 20 30 40 50 60 70 80 90 100
Time (minutes)

Figure 5.6- Chaperone assay of NTR disease mutants in the D3GXG context of HSPB1.
The chaperone assay was performed in SOmM NaPi/100mM NaCl/0.5mM EDTA/pH7.5 buffer
at 37°C. Aggregation of the model client protein a-lactalbumin (600uM) was triggered by
reduction of disulfide bonds (addition of 20mM DTT) and subsequent destabilization.
Absorbance was then measured as a function of time in the presence or absence of WT, D3GXG,
G34R/D3GXG, P39L/D3GXG, E41K/D3GXG, or G84R/D3GXG forms of HSPB1 at 30uM
(monomer concentration). Absorbance increases as the client protein aggregates due to light
scattering. Duplicates in the same assay are shown as dashed lines. WT moderately delays
formation of aggregates (prolonged lag phase). D3GXG very strongly delays aggregation. The
disease mutants in D3GXG delay aggregation in an intermediate range between WT and
D3GXG.
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Figure 5.7- SEC and CD profiles of NTR disease mutants in the D3GXG context of HSPBI1.
(a) G34R/D3GXG, P39L/D3GXG, E41K/D3GXG, and G84R/D3GXG mutants were incubated
at 100uM and 20uM (monomer concentration) in S0mM NaPi/100mM NaCl/0.5mM
EDTA/pH7.5 buffer at 37°C for one hour. Samples were then injected onto a SEC column (24
mL Superose6) at room temperature. G34R/D3GXG and G84R/D3GXG mutants elute late,
similar to D3GXG. P39L/D3GXG and E41K/D3GXG mutants elute very early, more consistent
with the GXG elution profile. (b) 20uM samples of disease mutants in D3GXG were prepared in
25mM NaPi/50mM NaCl/0.25mM EDTA/pH?7.5 buffer and analyzed by far-UV CD
spectroscopy at 20°C. Samples were incubated at room temperature for 3 hours prior to
measurement. G34R/D3GXG adopts G34R-like secondary structure, despite forming small
oligomers. P39L/DGXG adopts P39L-like secondary structure. E41K/D3GXG adopts more
GXG-like structure as opposed to E41K or D3GXG. G84R/D3GXG behaves similarly to
D3GXG and has the positive 230 nm peak.
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Figure 5.8- Comparison of solvent protected regions in NTR disease mutants in the
D3GXG context of HSPB1 using HDXMS. D3GXG/C137S, G34R/D3GXG/C137S,
P39L/D3GXG/C1378S, E41K/D3GXG/C1378S, and G84R/D3GXG/C137S, samples were

Least protected

prepared at 200uM in 50mM NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer and equilibrated at

room temperature for 3 hours. Exchange experiments were performed at room temperature
(~25°C) by diluting the proteins 10X into an identical but D,O based buffer. (a) Peptides

analyzed are shown as a series of horizontal bars (e.g. peptides consisting of 1-10, 12-28, etc.).

Time points are represented as bars stacked vertically for one peptide. The color-coding
represents deuteration level of each peptide (blue- most protected, red- least protected). For
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certain peptides, the horizontal bar is split into two sub-bars, which represent two distinct

populations (conformations) observed in the mass spectrum for that peptide. The relative lengths

of the sub-bars within one peptide bar correspond to relative proportions of the two
conformations. (b) The data is alternately presented as quantitative line plots for each peptide,
except for the addition of the 33-41 peptide and omission of the 186-205 peptide (completely

unprotected in all cases). For peptides that show multiple conformations, the weighted average
of deuteration is presented.
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Figure 5.9- Comparison of G84R/D3GXG and D3/176del HSPB1 dimers by 'H-'"N HSQC-
TROSY spectra. G84R/D3GXG and D3/176del undeuterated samples were prepared in S0mM
NaPi/100mM NaCl/0.5mM EDTA/pH?7.5 buffer, and spectra were collected at 30°C. While
many intensity changes might be due to the differences between D3GXG and D3/176del
constructs, many peaks shift in the disease mutant that do not normally shift between the

constructs. These peaks are noted and mostly correspond to residues at the ACD-ACD dimer

interface.
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Table 5.3- Summary of functional, structural, and dynamics changes in NTR disease-

associated mutants of HSPBI1.

Property G34R P39L E41K G84R
Chaperone activity Weaker Better Weaker Weaker
Oligomerization Larger Largest Larger Larger
lower “stability”
Subunit exchange Similar Slower Similar Similar
Local dynamics 29-41 and 77-99 29-41 protected Similar, but 29-41 and 77-99
lose secondary state is more 29-41 region lose secondary
protected state protected is unknown protected state
In Chaperone activity Similar Weakest Weaker Similar
D3GXG (vs. D3GXG)
context
Oligomerization Small oligomers Very large, Very large, Dimers
polydisperse polydisperse
Secondary structure G34R-like P39L-like GXG-like D3GXG-like
Local dynamics (vs. Smaller 1-10 Smaller 1-10 77-99 retains Similar
D3GXG) protected state, protected state, protected
100-109 and 29-38 more secondary
150-163 less protected, state as seen
protected 100-109 and in E41K-only
150-163 less
protected
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6. CONCLUSIONS AND FUTURE DIRECTIONS
6.1 Summary of novel findings on HSPB1 structure

Historically, many studies of sHSPs have focused on truncated forms of the protein
and/or explore primarily one type of intermolecular interaction. These studies are essential
“bottom-up” approaches to piece together a working understanding of a highly complex
structural problem. With this foundation and technological improvements, newer studies,
including the work in this thesis, aim to characterize the myriad states and interactions that occur
simultaneously in a sHSP system.

This work demonstrates correlative structural and functional effects of perturbations to
each type of known HSPB1 inter-protomer interaction (NTR-NTR, ACD-ACD, and ACD-CTR)
and the combination of these perturbations. In general, abrogation of one type of interaction
does not necessarily lead to oligomer dissociation. There is intricate interplay among these types
of interactions that modulate oligomer size and function. Although some NTR-ACD interactions
are proposed in oligomeric models, this work first establishes contacts between particular regions
of the NTR with an ACD in the dimeric D3GXG form of HSPB1. The newly defined interaction
is likely altered in stress-states (phosphorylation) of the protein and is implicated in effects of
NTR disease-associated mutations.

The HDXMS work presented in this thesis provides the first glimpse of local dynamics
and structure in specific regions of the NTR in a polydisperse, oligomeric sHSP. Previous
studies have utilized sparse restraints from various techniques to develop models of the NTR in
oligomers, but definitive properties of each segment (here 10-20 residue peptide) had not
previously been described. Multiple regions were identified in the NTR that have moderate

levels of solvent protection, presumably due to formation of local structural features (helix or
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hairpin) or interactions with other regions of the protein, either intra- or inter-protomer. In WT
oligomers, three of these regions had two distinct states with different levels of solvent
protection. The findings of conformational heterogeneity are consistent with general
observations of heterogeneity discussed in previous oligomeric models (Jehle et al. 2011).
Additionally, it was possible to directly compare solvent protection of regions of the NTR
between WT oligomers and D3GXG dimers, which represent a stressed (phosphorylation-
mimicking), “activated” state of HSPB1. Two of the three heterogeneous regions observed in
the NTR of WT oligomers become homogeneous and less protected in the dimeric form.
Therefore, these regions are implicated in either direct inter-protomer interactions in an oligomer
or indirectly undergo structural transitions upon dissociation. There is also evidence for one
region of the NTR (peptide 33-41) becoming more solvent protected in the dimeric state relative
to the oligomeric context. Adoption of different structural features among different oligomeric
states of a sHSP likely alters hydrophobic surfaces recognized by client proteins.

The only full-length human sHSP dimer structure to be published is the recent crystal
structure of HSPB6 in complex with a binding partner, but disordered regions are not resolved
(Sluchanko et al. 2017). Using HDXMS, NMR assignments, and PRE probes to characterize the
D3GXG, we have developed a working structural model of full-length HSPB1 dimers. Multiple
possible orientations of the NTR relative to the ACD are possible but limited by PRE restraints,
such as the interaction of position 2 of the NTR with the edge of the ACD. One of the most
interesting findings was that part of the NTR (approximately residues 60-70) is in two distinct
states, yet both states are highly disordered. Two PRE probes show that this region (at least one
state of it) is in close proximity to the ACD. The numerous prolines in the NTR of HSPB1 could

both limit typical ordered structure and also restrain disordered regions into more discrete states.
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From a functional perspective, the disordered, hydrophobic NTR must be conformationally
restrained so as to avoid promoting aggregation. Therefore, the heterogeneous, disordered, but
“controlled” structure of the extreme phosphorylation-mimicking dimer demonstrates how a
sHSP might have evolved to present numerous, transient binding sites for client proteins.

Most studies of disease-associated mutants of sHSPs have focused on mutations in the
ACD, partly because it is possible to examine in greater detail truncated ACD-only forms of
sHSPs. Many of these studies, and work on NTR disease mutants (Muranova et al. 2015,
Nefedova et al. 2013b), rely on making correlations among only global results. It is technically
challenging to identify key structural changes in sHSP disease mutants that help explain their
mechanisms for disease. The use of HDXMS in this thesis to examine local dynamic/structural
changes in several NTR disease mutants of HSPB1 provides one of the few structural,
mechanistic insights into disease-altered states of full-length human sHSPs. The additional use
of the D3GXG construct as a background for these disease mutants helped elucidate distinctly
different mechanisms of structural changes among the NTR disease mutants. The most
interesting result was that certain disease mutants in the D3GXG context formed large oligomers.
Thus certain mutations promote local structures in the NTR that favor oligomerization. These
varied results among mutants are surprising considering the close proximity in sequence of
several NTR disease mutants, and highlights the multiple features and roles of the NTR.
6.2 Future directions

There are many tempting experiments that are ideal next steps for studying HSPB1
structure and interaction with client proteins and are discussed in this section. The next two

sections discuss broader applications of this thesis work.
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To develop a more detailed structural model of states of the D3GXG dimer, additional
spin label experiments and possibly SAXS analysis would be essential. Several sites along the
NTR were explored for spin label attachment and PRE experiments. However, many more sites,
particularly closer to the conserved region containing sites of disease mutations, should be
explored to identify potential contacts between the NTR and the $4/B8 groove. The PRE studies
performed here probed both intra- and inter-protomer interactions with no distinction, as all
protomers were '’N-labeled and spin-labeled. To probe strictly inter-protomer interactions (NTR
with the neighboring ACD), one could measure PRE effects of a mixture of '’N-labeled protein
mixed with unlabeled protein that has a spin probe attached. Position 91 examined here is likely
conformationally limited and most contacts observed are probably intra-protomer. However, for
positions 2, 65, and 74, inter- and intra-protomer interactions are equally possible with the
available data. To obtain distance restraints between two positions in the dimer, one could
perform DEER-EPR (Double Electron Electron Resonance-Electron Paramagnetic Resonance).
This method often utilizes the same spin probe used in this study (MTSL), therefore the
necessary constructs with the appropriate probe have been characterized. DEER-EPR provides
distance measurements between two spin probes in a protein that is flash-frozen. With a sHSP
frozen in multiple states (no exchange to complicate the experiment), it is possible to identify
multiple distance restraints due to conformational heterogeneity. SAXS of the dimeric form of
HSPBI could provide an envelope in which to model restraints from NMR chemical shifts and
PRE effects. For regions of proteins that are both disordered and extended, SAXS generally
averages out the states and will provide no density for those regions. Although there are
disordered regions in the NTR of HSPB1, multiple contact points between the NTR and ACD

suggest that disordered regions are conformationally limited and not extremely flexible (only
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“locally” flexible). Therefore, a comparison of SAXS envelopes for ACD-only and D3GXG
might identify density additional to that of the ACD-only in which the NTR can be modeled.
Given the structural heterogeneity observed for D3GXG, there would likely be multiple SAXS
envelopes generated to accommodate multiple NTR orientations.

To better understand the structural roles of regions of the NTR, further peptide studies
could be carried out systematically. The analysis of the NTR peptide proposed to form a hairpin
showed formation of non-random coil secondary structure. These results and the recent findings
on regions of the NTR interacting with the ACD in the context of HSPB6 (Sluchanko et al. 2017)
suggest that there is value in studying isolated pieces of the NTR. For example, peptide 1-10 by
HDXMS showed two distinct conformations, but it is unknown whether this is due to a local
helix/hairpin formation or interaction with the ACD. Probing secondary structure formation of
this region as an isolated peptide would likely answer this question. However, as local structural
features and NTR-ACD interactions appear to be context specific, isolated peptide studies should
only be used to corroborate findings in a larger context.

To better probe local structural changes in sHSP disease mutants, other known disease-
associated mutations could be placed in the D3GXG context. Specifically, particular disease
mutants in the ACD discussed in Chapter 4 might alter the NTR-ACD interactions observed in
D3GXG. Identifying local changes requires the resulting construct to be NMR-amenable
(small), which was not the case for three of the four NTR disease mutations in D3GXG
characterized in this thesis. However, if an ACD disease mutation in the D3GXG background
results in an oligomeric protein, it is highly likely that NTR-ACD interactions are perturbed to

promote an oligomer-favoring state.
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The tools and constructs developed in this thesis have already proven useful to current
studies by other researchers. Another graduate student has used WT, D3, and D3GXG forms of
HSPBI1 to probe changes in interactions with a known disordered client protein, tau. The results
from the perspective of the client protein have been published (Baughman et al. 2018).
Identification of tau binding sites on D3GXG HSPB1 by NMR is in progress, a task that would
be intractable without a characterized, dimeric form of HSPB1. Although beyond the scope of
this graduate student’s work, applying HDXMS to HSPB1 interacting with client proteins could
identify structural changes that occur as HSPB1 is performing its function. Transient
hydrophobic interactions with clients would not likely be detected by HDXMS, as was the case
for non-vertebrate SHSPs (Basha et al. 2013), but indirect changes in structural propensities
could be measured. As certain stress-mimicking or disease-associated states of human sHSPs
have been shown to interact more tightly with clients (Rajagopal et al. 2015b), more distinct
changes might be observed by HDXMS for non-WT states.

6.3 Functional questions in the sHSP field

The heterogeneous properties of sHSPs make them both technically challenging to
characterize and also difficult to define by canonical standards for protein function.
Conventional protein structure-function studies often rely on one or a few well-ordered structures
of a protein and a single, tight, quantifiable interaction with a binding partner. sHSPs have a
mixture of ordered and disordered domains that adopt multiple local conformations with higher
order effects on oligomer polydispersity. As subunits exchange rapidly among oligomers, it is
not possible to capture a homogeneous sample of oligomers. The general role of sHSPs is to
interact with a variety of destabilized, aggregation-prone proteins in the cell. Therefore, there

must be multiple binding sites on a sHSP to accommodate diverse client proteins. Also, sHSPs
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must interact only transiently with client proteins so that clients have frequent chances to refold
spontaneously or interact with other types of chaperones. The challenges we face in
characterizing sHSP function require a paradigm shift in how we think about heterogeneous
protein systems.

The most sought after question in the sHSP field is to determine client binding sites on a
sHSP. Only after numerous reports on transient interactions between client proteins and multiple
regions of sHSPs has it been generally accepted that multiple binding sites exist. However,
formation of polydisperse oligomers greatly complicates clear definition of consistent binding
sites in a sample for study. The full-length HSPB1 D3GXG dimer developed in this thesis offers
the chance to probe client interactions with a simplified state of a sHSP. However,
heterogeneous local structures and disordered regions of D3GXG still pose a challenge to
identifying interaction sites. It is possible that NTR-client interactions are so heterogeneous in
location and orientation and so transient that for certain sHSP-client pairs no distinct interaction
sites can truly be defined. Instead, comparing general preferences of different clients for
different binding regions in a sHSP might yield more information, albeit indirectly, on the
function of sHSPs.

The second most enticing question is identifying the “functionally active state(s)” of
sHSPs. Although there is a third question regarding changes in binding sites in stressed or
disease-mutated states of sHSPs, I believe pursuit of answers to both of these questions is the
same. This question is particular to oligomeric sHSPs where a broad distribution of oligomeric
states coexists. However, it is not even clear what subunits (monomers, dimers, small oligomers)
are rapidly exchanging among oligomers. Without defining the structural states present in a

sample, it is challenging to identify which states are more or less functional. By controlling the
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oligomeric distribution of the system (e.g. phosphorylation-mimicking mutants) and correlating
oligomeric size with changes in function, it is possible to make inferences about the activity of
on average smaller or larger oligomers. In general for HSPB1 and HSPBS, phosphorylation-
mimicking mutants form smaller oligomers and have increased activity measured both in vitro
and in vivo. Although these are the most well-characterized and correlated perturbations, it is not
clear if increased function in phosphorylated states is due to exposure of binding sites upon
oligomer dissociation, alteration of binding sites due to local structural changes, or the more
likely combination of these effects. This thesis work demonstrates distinct conformational
changes in the NTR between dimeric and oligomeric states of HSPBI1 that could lead to different
binding surfaces for clients. For the model client protein used here (o-lactalbumin), the D3
HSPB1 mutant was not a more effective chaperone than WT, while D3GXG was hyperactive.
D3 forms small oligomers and adopts similar secondary structure to D3GXG based on CD
spectroscopy. The only presumable difference between the two states is that the p4/p8 groove is
occupied in D3 and not in D3GXG, suggesting that a-lactalbumin specifically requires both
NTR and 4/B8 groove binding sites on HSPB1 in order to interact in a manner that delays
aggregation. However, D3 and intermediate phosphorylation mimics are potent chaperones
relative to WT for several other model client proteins reported in numerous studies (Hayes et al.
2009, Jovcevsky et al. 2015, Shashidharamurthy et al. 2005). It therefore seems that different
clients require exposure of different binding sites on a sSHSP. The example of phosphorylated
sHSPs highlights the need to characterize interactions with multiple client proteins- there are
different preferences for sHSP binding sites among clients, and without this knowledge one

might falsely categorize the activity of different states of the sHSP.
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6.4 A technical roadmap for characterizing sHSPs

This thesis provides a roadmap for the effective structural characterization of sHSPs.
Specifically, presented here are types of mutations and experiments that can aid in studying all
regions of a sHSP in various oligomeric states.

The mutations explored here to create a stable dimer of HSPB1 (D3GXG) can be applied
to other oligomeric sHSPs. As many sHSPs have phosphorylation sites in their NTR,
phosphorylation-mimicking mutations (to Asp or Glu) can be used in these cases to promote
dissociation of oligomers by perturbing NTR-NTR interactions. Many sHSPs also have IXI
motifs in their CTRs and/or NTRs. Mutation of these IXI motifs to “GXG” can abrogate
interaction of this binding motif with the $4/B8 groove of the ACD. While many studies
previously have utilized one of these types of mutation, the combinatorial effects can be pursued
as was done for HSPB1. Generation of a smaller, more monodisperse form of a sHSP can aid in
structural characterization via almost any method (except for electron microscopy, which
requires larger proteins/complexes). Also, a smaller, monodisperse form of a sHSP would aid in
more quantitative analyses of interactions with client proteins. It is much less challenging to
probe affinities and stoichiometries of sHSP-client interactions if there are not also homo-
interactions that complicate the experiment.

The most substantial and applicable finding here is the value of hydrogen-deuterium
exchange mass spectrometry (HDXMS) for studying sHSPs. This method has been applied to
oligomeric, monodisperse plant sHSPs (Basha et al. 2013), but it has not been expanded upon for
other sHSPs. HDXMS of HSPB1 provided information on local dynamics of 10-20 residue long
peptides throughout the protein. As the experiment is not limited by protein size, it was possible

to rigorously compare local dynamics and inferred structure between the D3GXG dimer and WT
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oligomer forms. This approach draws the focus of structure elucidation away from only well-
ordered regions and towards a more complete depiction of a protein, including ordered and
disordered regions. Also, it is possible to detect different protected states of a region and
therefore make inferences about multiple conformations in a protein. This method could be
applied to any other sHSP, in any oligomeric or disease-mutated state, under almost any
conditions, and with any potential client protein. With a small amount of D,0, anyone can
prepare HDXMS samples. Although a pepsin column was used here to limit overlapping pepsin
peptides in the spectra, commonly available pepsin can also be used to digest the protein
immediately after quenching the reaction. Thanks to software advancements in predicting
peptide sequences from tandem MS data, the initial peptide mapping of a protein is far less
laborious. As MS is a widespread technique used in almost any chemistry/biochemistry research
setting, most institutions likely have a liquid chromatography/mass spectrometer setup with the
required sensitivity and resolution for HDXMS. However, in order to limit back exchange
(deuterons back to protons), it is recommended that the chromatography part of the setup be
chilled to 1-4°C. There are multiple programs freely available for analyzing HDXMS data (used
here- Guttman et al. 2013). Although the experiments and analysis are time and labor intensive,
they do not require the researcher to be an expert in mass spectrometry.

This work also presents the first NMR analysis of a full-length sHSP dimer in solution.
A few solution NMR studies have probed either the truncated ACD or large oligomers, and in
the latter case only the flexible CTR is generally observable. Solid-state NMR can provide
structural information on sHSP oligomers as well, but this is an even more specialized approach
than standard solution NMR. The experiments presented here on the D3GXG dimer of HSPB1

required a large amount of D,O and ample time on high field magnets with cryo-probes, which
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can be cost prohibitive. Also, expertise in NMR (self or from a mentor) is necessary to carry out
the experiments and interpret the more complicated results associated with sHSPs. However,
there are numerous academic research groups that have these resources and expertise. As
described above, D3GXG-like mutants of other oligomeric sHSPs could be amenable to these
same NMR experiments if the protein remains in a small form at high concentrations. Also,
several sHSPs natively exist as monomers or dimers, as is the case for human HSPB6 and
HSPBS. Assignment of the NTR of sHSPs not only aids in structural understanding but also
provides a method for determining binding sites of client proteins at residue-level resolution.
Even if much of the disordered NTR is unassignable, as is the case for D3GXG HSPBI, the use
of spin labels and the PRE effect throughout the NTR allows for determination of approximate
distances between specific regions of the NTR and ACD. Therefore, if the resources and
expertise are available, solution NMR of full-length sHSPs in dimeric/monomeric forms is a

worthwhile pursuit.
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APPENDIX A- HDXMS peptides

The following tables show the deuteration levels of each peptide analyzed at the indicated
five time points for the following mutants- WT/C137S, G34R/C137S, P39L/C137S,
E41K/C137S, G84R/C137S, D3GXG/C137S, G34R/D3GXG/C137S, P39L/D3GXG/C137S,
E41K/D3GXG/C137S, and G84R/D3GXG/C137S. Not all peptides could be analyzed for each
mutant due to changes in cleavage sites or overlap in the mass spectra. For peptides
demonstrating bimodal behavior in their mass spectra (two conformational populations for one
peptide), the relative fractions of each population are shown in the columns labeled “fraction”
and the deuteration levels of each population are shown in the columns labeled “population”.
The average deuteration level for bimodal peptides (weighted for the fractions of each
population) is shown in the fifth “Avg” column. For peptides demonstrating only one
conformation, the deuteration levels at each time point are listed in the “Avg” column. The
deuteration levels are color coded for quick visual analysis based on the following color scheme,

consistent with the main text figures.

Most protected

21-40%
41-60%
61-80%

Least protected
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APPENDIX B- NMR assignments

The following table lists backbone and '*Cg nuclear chemical shifts (CSs) assigned to
particular residues in D3/176del or D3/GXG. CSs are listed also for peaks that have not been
assigned to specific residues or groups, numbered according to archived 'H-'""N-HSQC-TROSY
peak-lists for D3/176del (first column). Residue assignments of the CTR of D3/GXG are
highlighted in green and do not have peak numbers. For sequentially assigned residues that are
assigned to two peaks (e.g. residues 64 and 65), alternative conformations are highlighted in gray
or not highlighted.

The 'H-"’N-TROSY -based triple resonance experiments used to determine these
chemical shifts are listed in the top row. The “i", “i-1”, and “i+1” nomenclature refers to nuclei
in the current, preceding, or following residue in the sequence, respectively. Occasionally
multiple peaks were observed for one 'H-""N correlation and are listed in the same cell. This
behavior could be due either to different nuclei having overlapping CSs or to one nucleus
experiencing multiple, similar chemical environments. For unassigned peaks, residue
classifications are listed based on characteristic CSs and/or intensity changes observed in ILV-
unlabeled 'H-""N-HSQC-TROSY spectra (see Chapter 2). Unlabeling of ILV residues results in
dramatic intensity losses for these residues and partial intensity losses for A residues.

Additionally, relative peak intensities (normalized from 0 to 100, with 100 being the
highest intensity peak) from a 'H-""N-HSQC-TROSY spectrum and peak intensity ratios from

PRE experiments (spin-labeled/quenched) are listed for assigned and unassigned peaks.
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