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Abstract

Hsp90 is a highly conserved and essential molecular chaperone. It regulates the folding,
maturation, and activation of client proteins involved in a wide range of cellular processes and
pathways, many of which are key players in disease. Hsp90 functions in the context of an
ATPase driven conformational cycle that is regulated by co-chaperone proteins. Aha-type co-
chaperones are the most potent stimulators of the ATPase activity of Hsp90. Here we describe
key structural elements required for the function of Aha-type co-chaperones and investigate the
diverse roles of Aha-type co-chaperones in Hsp90 regulation. We show that the conserved N-
terminal NxXNNWHW motif is essential for the biological activity of Ahalp and Hchlp. This
work points to a role for the NxXNNWHW motif in regulating the apparent affinity of Hsp90 for
nucleotide substrates and highlights the importance of nucleotide exchange in the Hsp90
functional cycle. In addition, we show that Lys 60 of the conserved RKxK motif is required for
the in vivo and in vitro functions of Ahalp. While the in vivo requirements of Hchlp are

consistent with Ahalp, all residues of the RKxK motif appear to be necessary for Hchlp-

mediated stimulation of Hsp90. Our work in defining the conserved structural motifs in Aha-type

co-chaperones, has provided insight into the ways in which the Aha-types co-chaperones
regulate the conformational dynamics of Hsp90. We also investigated different models and
approaches to understanding the regulation of Aha-type co-chaperones, which provides a
valuable framework for future work to expand upon. Our broadened understanding of Aha-type

co-chaperones, offers key insights into the mechanism of Hsp90 function and regulation.
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Preface

Work presented in Chapter 3 of this thesis has published as “The conserved NxXNNWHW
motif in Aha-type co-chaperones modulates the kinetics of Hsp90 ATPase stimulation” (Mercier
et al., 2019). Aspects of the research conducted for the completion of this thesis were done in
collaboration. Preliminary work for Figure 3.3 was conducted by previous graduate students
Natalie Horvat and Dr. Annemarie Wolmarans. The temperature sensitive mutant Hsc82p52°"
was identified and provided by Dr. Jill Johnson from the University of Idaho. The experimental
design and completion of the PET florescence quenching experiments in Figure 3.17 were
completed by Jonathan Schubert under the supervision of Dr. Hannes Neuweiler from the
University of Wiirzburg, Germany. Viral experiments conducted in Figure 5.7 were competed in

collaboration with Dr. Anil Kumar and Eileen Reklow under the supervision of Dr. Tom

Hobman from the University of Alberta.

All other components of this thesis are my original work conducted under the guidance

and supervision of Dr. Paul LaPointe at the University of Alberta.
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Chapter 1 Introduction



1.1 Protein folding and function

Proteins are a versatile class of macromolecules that are involved in virtually every cellular
process. From signal transduction to gene expression, cell structure, and control of metabolic
processes, proteins are vital for cell survival. Proteins are synthesized as linear sequences of
amino acids, polypeptide chains, derived from the translation of genetic information. In order to
be biologically active, proteins must adopt specific three-dimensional conformations. All of the
necessary information for proteins to fold into their biologically active form is contained within
their amino acid sequences (Anfinsen et al., 1961; Anfinsen, 1973). There are a vast number of
conformational degrees of freedom and possible structures that a polypeptide chain can sample.
If an unfolded protein was to randomly sample all of the possible conformations, protein folding
should take much longer than it does (the so-called Levinthal paradox) (Levinthal, 1968). The
number of conformations that a protein can adopt is refined by structural organization and

thermodynamic principles (Linderstrom-Lang and Schellmand, 1959; Goldberger et al., 1963).

Protein folding is currently best modeled as a funnel-shaped energy landscape (Figure
1.1) (Dill, 1985; Bryngelson et al., 1995; Onuchic et al., 1997). The depth of the funnel
represents free energy of a polypeptide chain and conformational entropy is represented across
the width. The top of the funnel is wide, representative of the many possible states and
conformational degrees of freedom. Protein folding is primarily driven by hydrophobic
interactions, isolation of hydrophobic moieties from the aqueous environment, isolation of
charged and polar amino acids, and neutralization of ion pairing within the interior of the protein
(Dyson et al., 2006). As folding takes place, the ensemble of possible conformations that a
protein can adopt decrease along with free energy, resulting in narrowing of the energy
landscape. The lowest point of the funnel is the native state of a protein that represents the fully-

folded and functional ensemble of conformations that have a global free energy minimum.
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Figure 1.1 Energy landscape schematic of protein folding.

The width of the funnel represents conformational entropy and the depth represents free-energy.
Unfolded proteins have both a high free energy and entropy. As a protein begins to the fold and
acquire structure closer to its native conformation, free energy and the number of possible
conformational states decreases. Local free-energy minima and maxima represent valleys and
peaks that are metastable intermediates and barriers to protein folding. The native state of a

protein is represented at the bottom of the funnel and is the global free-energy minimum.



Energy landscapes are dynamic and controlled by the protein folding environment.
Factors including temperature, pressure, ionic strength, and pH affect the ability of a protein to
fold (Lapidus, 2017). Non-native conditions are represented by a shallow energy landscape, a
higher proportion of unfolded polypeptide chains, and increased conformational entropy.
Unfolded proteins are at a high risk for forming inappropriate interactions, misfolding, being
targeted for degradation, and forming aggregates (Dobson, 2003). Protein folding in the cell is
further challenged by macromolecular crowding which increases the risk of undesirable
interactions. Cells employ extensive quality control networks to maintain the integrity of the
proteome and cellular homeostasis (Chen, B. et al., 2011). At the centre of these networks are

specialized proteins termed ‘molecular chaperones’.

1.2 Heat shock proteins and molecular chaperones

The ability of cells to detect and respond to environmental, chemical, and physiological stress is
critical for their survival. Depending on the type of stresses encountered, numerous biological
pathways and integrated mechanisms are activated for maintenance of cellular homeostasis. The
heat shock response is a universal pro-survival pathway that cells employ to deal with stresses
that result in the accumulation of damaged or denatured proteins (Lindquist, 1986; Richter et al.,
2010). This response was first detected in the chromosomes of Drosophila when puffs,
representing sites of newly synthesized RNA, were observed upon exposure to high temperature
or chemical treatments (Ritossa, 1962). These sites of increased transcription were linked to the
synthesis of a specific group of proteins aptly termed heat shock proteins (Hsps) (Tissicres et al.,

1974; Lindquist and Craig, 1988; Lindquist, 1986).

Hsps constitute a large group of proteins that are defined based on molecular weight:
Hsp100, Hsp90, Hsp70, Hsp60, Hsp40, and small heat shock proteins (Jolly and Morimoto,
2000). The expression of Hsps is well conserved in response to a wide variety of stresses that
result in the accumulation of denatured and damaged proteins (Kelley and Schlesinger, 1978;
Lemaux et al., 1978; Yamamori et al., 1978; Hightower, 1980; Finley et al., 1984; Ananthan et
al., 1986). Initial experiments examining the function of Hsps focused around Hsp70. Hsp70 was
found to bind exposed hydrophobic surfaces of proteins during times of stress and prevent
aggregation by recurrent cycles of ATP-driven binding and release (Lewis and Pelham, 1985;

Pelham, 1986). Furthermore, Hsp70 and homologues transiently associate with newly



synthesized polypeptides to assist in their folding and assembly to prevent aggregation (Haas and
Wabl, 1983; Deshaies et al., 1988; Chirico et al., 1988; Zimmermann et al., 1988; Beckmann et
al., 1990; Flynn et al., 1991). Homologues of Hsp60 were also shown to play a role in mediating
the folding of proteins (Ellis, 1996).

The term ‘molecular chaperone’ was first used to describe nucleoplasmin, a protein that
assists in the assembly of nucleosomes (Laskey et al., 1978). Understanding the function of Hsps
led to generalization of the term to include proteins that interact, stabilize, or help ensure the
folding and assembly of other macromolecular structures (Ellis, 1987; Hartl and Hayer-Hartl,
2009). In the crowded cellular environment, where concentrations of proteins and other
macromolecules are estimated to be 200-400 mg/mL, there is increased risk for protein
misfolding and aggregation (Zimmerman and Trach, 1991; van den Berg et al., 1999;
Kuznetsova et al., 2014). Chaperones assist in de novo protein folding, protection of folding
intermediates, refolding of misfolded proteins, assembly of oligomeric complexes, and
proteolytic degradation. Chaperones reduce inappropriate intermolecular and intramolecular
interactions from taking place and therefore reduce protein aggregation and misfolding in the
cell. By binding to folding intermediates chaperones reduce inappropriate interactions and lower
kinetic energy barriers required for intermediates to fold into the native state (Kovacs et al.,
2005; Kim, Y. E. et al., 2013). Chaperones also assist in the refolding of misfolded proteins into
their native state (Parsell et al., 1994; Doyle et al., 2013). Through their role, molecular
chaperones support protein flexibility, complexity, and evolution (Rutherford and Lindquist,
1998; Venton, 2016). Molecular chaperones are part of complex networks that are important for

protein quality control and cellular homeostasis.

1.3 Molecular chaperone families

Molecular chaperones are a diverse family of multi-domain proteins that assist in protein folding
and assembly of polypeptides into higher order structures. Chaperones help prevent protein
misfolding and aggregation, play a role in the reversal of protein aggregation, facilitate the
degradation of misfolded proteins by the ubiquitin-proteasome system, and also play a role in
protein activation (Saibil, 2013; Kampinga and Craig, 2010; Kriegenburg et al., 2012; Bukau et
al., 2006). In order to fulfill these roles, chaperones are structurally diverse and function through

various mechanisms. Individual classes of chaperones often do not act in isolation, but as



complex chaperone networks. The Hsp chaperone families are discussed in greater detail in the

following sections.
1.3.1 Small Hsps

Small heat shock proteins (sHsps) are a family of ubiquitously expressed chaperones that range
from ~10-40 kDa (Jakob et al., 1993; Basha et al., 2013). They are ATP-independent and share a
conserved a-crystallin domain that is essential for dimerization and function (Figure 1.2 A)
(Poulain et al., 2010; Kriehuber et al., 2010). sHsps form dynamic homo-oligomers whose size is
dependent upon cell conditions and substrate requirements (Jaya et al., 2009; Stengel et al.,
2010). sHsps bind to exposed hydrophobic surfaces of damaged or denaturing proteins to limit
aggregation. The mechanism by which ATP-independent chaperones are able to regulate
substrate binding and release remains relatively unclear. sHsps are able to prevent protein
aggregation, allowing subsequent refolding by ATP-dependent chaperones (van Montfort et al.,
2001).

1.3.2 Hsp60 and Hsp10

Members of the Hsp60 family, also called chaperonins, are large cylindrical protein complexes
that support protein folding by fully enclosing proteins within a central cavity (Mayhew et al.,
1996). Chaperonins are found across all domains of life and exist as homo- or hetero-oligomeric
ring complexes. Hsp60 exists as either a single or double heptameric ring structure and functions
in concert with Hsp10 to promote substrate folding (Rospert et al., 1993; Hohfeld and Hartl,
1994). The Hsp60 ring structure provides the central cavity for substrate folding and Hsp10
forms a heptameric ring that functions as a lid (Figure 1.2 B). The activity of Hsp60 is driven by
ATP-dependent conformational changes. The double ring structure is a back-to-back ring
structure where ATP binding and closing of the folding chamber in one ring is accompanied by
ADP dissociation and substrate release from the trans-ring (Todd et al., 1994; Rye et al., 1997;
Ranson et al., 1997). The two rings act anti-cooperatively as substrate enclosure and ATP
binding in one ring leads to substrate and ADP release in the other (Yifrach and Horovitz, 1995;
Xu, Z. et al., 1997). Substrate release does not necessarily mean that a protein has reached its
native state and further rounds of binding may be necessary to achieve proper protein folding

(Weissman et al., 1994).



1.3.3 Hsp70 and Hsp40

The Hsp70 chaperone family is highly conserved across prokaryotes and found throughout the
cellular compartments of eukaryotic organisms (Mayer and Bukau, 2005). Hsp70 is a two-
domain protein composed of a nucleotide binding domain (NBD) and a substrate binding domain
(SBD) (Figure 1.2 C). The C-terminal SBD of Hsp70 binds to short segments of substrate
polypeptides enriched in hydrophobic residues (Blond-Elguindi et al., 1993; Zhu et al., 1996;
Riidiger et al., 1997). Interactions between Hsp70 and substrate is regulated by the nucleotide
status of the NBD (Szabo et al., 1994; Liu, Q. and Hendrickson, 2007). In the ATP-bound state,
the affinity of Hsp70 for substrate is low with a high association and dissociation rate. In
opposition to the ATP-bound state, the ADP-bound and nucleotide-free states of Hsp70 have a
high affinity for substrate and a low exchange rate. In this way, the binding of ATP to the NBD
stimulates the opening of the SBD and closing occurs after ATP hydrolysis.

Hsp70 acts in cooperation with co-chaperones. The Hsp40 or J-domain protein family is
responsible for substrate recruitment and stimulating the ATPase rate of Hsp70 (Misselwitz et
al., 1998; Laufen et al., 1999). These two functions are attributed to the C-terminus and N-
terminus of Hsp40, respectively (Qian et al., 1996; Jiang et al., 2007). Hsp40 is a chaperone itself
which binds substrate in the C-terminal domain before transferring it to Hsp70 (Riidiger et al.,
1997; Greene et al., 1998). Hsp40 chaperones stimulate the transition of Hsp70 from the low-
affinity to high-affinity substrate bound state and ADP dissociation from Hsp70 becomes the rate
limiting step of substrate release. Nucleotide exchange factors (NEFs) are co-chaperones that
interact with Hsp70 to accelerate ADP release. Hsp70 may undergo several rounds of binding
and release before a polypeptide chain reaches its native state (Sharma et al., 2010). In many
instances Hsp70 acts in cooperation with additional chaperone complexes to assist in protein

folding (Teter et al., 1999; Mayer and Bukau, 2005).
1.3.4 Hspl100

The Hsp100 family of chaperones are unfoldases and disaggregases found in bacteria, yeast, and
plants, but not in animals or humans. Hsp100 chaperones are part of the AAA+ (ATPase
associated with various cellular activities) family that typically form ring structures with a

central channel available to thread polypeptides through (Figure 1.2 D) (Ogura and Wilkinson,



2001). Most Hsp100 proteins contain one or two AAA+ domains that are arranged in a
hexameric ring (Martin et al., 2008). Once targeted to Hsp100, an aggregate engages with the
central channel loops and ATP hydrolysis is coupled to subdomain rotations and substrate
translocation (Glynn et al., 2009). After interaction with Hsp100 unfolded substrates are

available for refolding and often interact with other chaperones to achieve their native state.
1.3.5 Hsp90

The Hsp90 chaperone family is found across eukaryotes and is essential for viability. Hsp90 has
three conserved domains (N-terminal, middle and C-terminal domains) and functions as a dimer
connected through the C-terminus (Figure 1.2 E) (Pearl and Prodromou, 2006). The movements
of Hsp90 are extremely dynamic and large conformational rearrangements take place during
substrate binding and ATP hydrolysis (Li, J. and Buchner, 2013). Hsp90 is available to bind
substrate when in an open V-shaped conformation. When ATP and substrate are bound, the
protomers come together, dimerize in the N-terminus, and additional contacts between the N-
terminal and middle domains occur, which are necessary interactions for ATP hydrolysis. After
hydrolysis, the reopening of Hsp90 through the dissociation of the N-terminal domains, along
with release of substrate and ADP, resets the Hsp90 system for a new cycle of substrate binding.
Cytosolic Hsp90 functions within a complex system of co-chaperone proteins and post-
translational modifications that regulate the ATPase cycle and conformational dynamics (Taipale

et al., 2010).
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Figure 1.2 Crystal structure and cartoon representation of molecular chaperone families.
A. sHsps (1IGME (van Montfort et al., 2001)). B. Hsp10 and Hsp60 (4PJ1, (Nisemblat et al.,
2015)). C. Hsp70 (2KHO, (Bertelsen et al., 2009)). D. Hsp100 (1QVR, (Lee, S. et al., 2003)). E.
Hsp90 (2CGY, (Ali et al., 2006)). For all of the above, the specific domains of the crystal
structures are labelled with corresponding colours and the boxed cartoon represents a proposed

functional complex.



1.4 Molecular chaperones in disease

Protein folding is constantly challenged by the cellular environment. Over time, metabolic and
chronic stress can lead to the expression of mutant and damaged proteins. Expression of these
proteins is associated with many diseases including neurodegenerative diseases, metabolic
diseases, and cancer (Morimoto, 2011). Molecular chaperones play a critical role in protecting
the stability and function of proteins and therefore represent a therapeutic avenue for treating
protein conformational diseases (Rutherford and Lindquist, 1998; Calamini and Morimoto, 2012;
Jeng et al., 2015). The development of neurodegenerative diseases including Alzheimer’s,
Parkinson’s, Huntington, and Prion disease correspond with the progressive accumulation of
denatured and misfolded proteins (Taylor et al., 2002; Cardinale et al., 2014). An increase in
molecular chaperone levels would seemingly be a beneficial therapeutic strategy to alleviate the
proteotoxic stress of disease-associated aggregation prone proteins (Klettner, 2004; Maiti et al.,
2014). Alternatively, the cytoprotective properties of molecular chaperones can be co-opted
during malignance in order to promote the initiation and progression of tumour growth and
survival (Calderwood et al., 2006). Inhibition of molecular chaperones would be a mechanism
through which tumour growth and cancer progression can be halted. The multi-functional nature

of molecular chaperones presents challenges to determining therapeutic interventions.

A majority of chaperones interact promiscuously with a wide range of unfolded and non-
native client proteins to assist in proper folding and to prevent aggregation (He and Hiller, 2018).
The molecular chaperone Hsp90 is distinct in that it acts on a select group of substrates, termed
‘clients’ (Nathan et al., 1997; Panaretou et al., 2002). Hsp90 acts during the late-stages of protein
folding on partially or full-folded proteins to assist protein maturation and activation (Jakob et
al., 1995; Pearl and Prodromou, 2000; Street et al., 2011). Hsp90 clients are highly enriched in
signalling proteins which regulate normal cell growth, as well as evolutionary processes and
disease progression (Young et al., 2001). In this way, Hsp90 has become a major molecular
chaperone target for the treatment of human diseases, with Hsp90 inhibitors being extensively
tested as therapeutics (Sidera and Patsavoudi, 2014; Neckers and Workman, 2012; Kim, Y. S. et
al., 2009; Zuehlke et al., 2018; Mellatyar et al., 2018; Barrott and Haystead, 2013). Improving
the current understanding of the molecular and cellular functions of Hsp90 will allow

advancement in therapeutic interventions in the treatment of disease.
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1.5 The 90 kDa Heat shock protein (Hsp90)

Hsp90 is a molecular chaperone that is a key regulator of protein homeostasis during normal and
stress conditions. Hsp90 is highly conserved, with one or more Hsp90 genes found in all bacteria
and eukaryotes. There are two major isoforms of Hsp90 found in the eukaryotic cytosol: Hsp90a,
an inducible isoform and Hsp90B, a constitutively expressed isoform (Hsp82p and Hsc82p
respectively in yeast) (Csermely et al., 1998; Borkovich et al., 1989). Compartment specific
homologues of Hsp90 have also been found in mitochondria (tumor necrosis factor receptor-
associated protein 1 (TRAPI)), chloroplasts (Hsp90C), and endoplasmic reticulum (94 kDa
glucose-related protein (Grp94)) of various eukaryotes (Csermely et al., 1998; Johnson, J. L.,
2012). Hsp90 homologues are thought to have evolved from the bacterial Hsp90, high temperature
protein G (HtpG), through multiple duplication events and losses (Stechmann and Cavalier-Smith,

2004; Gupta, 1995; Chen, B. et al., 20006).

Hsp90 is the most abundant stress protein making up 1-2% of the total cytosolic protein
pool under normal conditions and is upregulated during times of cell stress (Borkovich et al.,
1989). Hsp90 is essential in eukaryotes and reduction in Hsp90 levels results in temperature
sensitivity in yeast (Borkovich et al., 1989; Bardwell and Craig, 1988; Picard et al., 1990). Hsp90
exhibits chaperone activity, recognizing non-native proteins and preventing aggregation (Wiech et
al., 1992). Initial experiments identified a specific group of substrate proteins termed ‘clients’ for
Hsp90 compared to that of Hsp70 or Hsp60, which appear to promiscuously interact with all
unfolded proteins. The most well-studied Hsp90 clients are steroid-hormone receptors (SHRs) and
cell-cycle kinases (Pratt and Toft, 1997; Picard et al., 1990; Picard, 2002). Hsp90 facilitates the
active conformation of proteins, the assembly of multiprotein complexes, and promotes the
binding competent state of proteins through ATPase centered conformational rearrangements with

the support of co-chaperones.

1.6 Hsp90 Structure

Hsp90 functions as a homodimer (Figure 1.3). Each 90 kDa monomer of Hsp90 consists of 3
conserved domains: an N-terminal nucleotide binding domain, a middle domain important for
client binding, and a C-terminal dimerization domain. The N-terminal domain of Hsp90 (residues
1-210, Saccharomyces cerevisiae) is composed of nine a-helices and an antiparallel B-sheet (8

strands) that together form an o/p sandwich structure with a hydrophobic pocket at the core. The
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pocket represents an unconventional nucleotide binding pocket that is the unifying feature of the
gyrase, Hsp90, His kinase, and MutL (GHKL) ATPase/kinase superfamily (Dutta and Inouye,
2000). The conformational changes accompanying ATP binding and hydrolysis are essential for
Hsp90 client activation. Within the N-terminal domain there are two important features for ATP
hydrolysis: the ATP lid (residues 98-121, S. cerevisiae) and N-terminal ‘strap’ (residues 1-24, S.
cerevisiae). The ATP lid plays a role in the stabilization of bound nucleotide. The strap, which is
comprised of a B-strand (residues 1-8, S. cerevisiae), an a-helix (residues 9-16, S. cerevisiae), and
a flexible loop (residues 17-24, S. cerevisiae), is involved in stabilization of the N-terminally
dimerized state (McLaughlin et al., 2004; Richter et al., 2002). The N-terminal domain is able to
bind ATP however, when removed from the other domains, has only negligible ATPase activity

(Prodromou et al., 2000).

The middle and N-terminal domains of Hsp90 are connected by a charged linker
(residues 211-272, S. cerevisiae). The linker plays an important role in providing conformational
flexibility to Hsp90 and may play additional roles in client activation (Hainzl et al., 2009;
Tsutsumi et al., 2012). The middle domain is the largest domain (residues 273-526, S. cerevisiae)
and is composed of two affa sandwiches that are connected by an a-coil. The first and larger afja
sandwich contains an amphipathic loop suggested to be important for binding of client proteins
(Ali et al., 2006). An essential and highly conserved region of the middle domain is the catalytic
loop (residues 370-390, S. cerevisiae) (Meyer et al., 2003). Residue Arg 380 within the catalytic
loop is critical for ATP hydrolysis (Meyer et al., 2004). The middle and C-terminal domains are
linked by an extended 25-residue loop. The C-terminal domain (residues 527-709, S. cerevisiae)
is the main dimerization interface for each Hsp90 homodimer (Harris et al., 2004). A pair of
helices from the C-terminal domain of each monomer pack together forming a four-helix bundle
that represents the dimer interface. At the C-terminus of each monomer is a conserved MEEVD
pentapeptide sequence. This motif serves as a binding site for proteins that contain
tetratricopeptide repeat (TPR) domains (D'Andrea and Regan, 2003). Hsp90 activity is

dependent upon the cooperative action of all three domains.
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Figure 1.3 Crystal and structural representation of the Hsp90 in the closed conformation.
A. Each monomer of Hsp90 is composed of an ATPase N-terminal domain (blue), client binding
middle domain (purple), and dimerization C-terminal domain (green). The crystal structure
(right) represents S. cerevisiae Hsp82p in an N-terminal dimerized AMP-PNP (non-hydrolysable
ATP analogue) (red) bound state (2CG9 (Ali et al., 2006)). One monomer is coloured to
highlight the different domains. Sbalp, which was co-crystalized with Hsp82p, is not shown.
*The charger linker region was removed for crystallization. B. Cartoon representation of an

Hsp90 dimer.
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1.7 Hsp90 ATP driven conformational dynamics

Hsp90 proceeds through a conformationally complex cycle in order to chaperone client proteins.
A distinct set of conformational states and structural organizations have been linked to the
enzymatic properties of Hsp90 (Jackson, 2013). At the most basic level, Hsp90 can be defined as
open or closed. In the open conformation Hsp90 can bind and release both client and nucleotide.
In the closed state, both nucleotide and client are bound and this represents the catalytically
active form of Hsp90. The idea that Hsp90 is an ATP-driven ‘molecular clamp’ remains a
defining feature of the current knowledge about the biochemical mechanism (Prodromou et al.,
1997; Prodromou et al., 2000). Further understanding of the conformational intermediates and

structural movements have helped to define the details of this process.

In the open state, the C-terminal domains of Hsp90 are dimerized while the middle and
N-terminal domains remain apart and available to bind to client proteins (Ali et al., 2006;
Vaughan et al., 2010). In the apo state the ATP lid is open leaving the pocket available to bind
nucleotide. ATP binding is a fast reaction and ATP binding and release may happen multiple
times before lid closure and commitment to ATP hydrolysis occurs (Hessling et al., 2009).
Closure of the ATP lid over bound nucleotide results in restructuring within the N-terminal
domain that releases the strap (Ali et al., 2006). The strap of each protomer is free to remodel
and bond with the opposite protomer. The strap is required for N-terminal dimerization and
movement of the strap reveals hydrophobic patches within each N-terminal domain that dimerize
within the equivalent patch on the opposite monomer (McLaughlin et al., 2004; Richter et al.,
2002). Another major structural change that takes place with ATP binding is repositioning
between the N-terminal and middle domain interface. N-terminal dimerization allows Arg 380 of
the catalytic loop, found in the middle domain, to interact with the ATP y-phosphate
(Cunningham et al., 2012). Additional contacts between the N-terminal and middle domain help
to stabilize the closed conformation. Upon hydrolysis of ATP, Hsp90 returns to an open

conformation where ADP, inorganic phosphate and mature client are released.

1.8 Hsp90 client interactions
Hsp90 is required for the maturation and activation of a large and diverse group of substrate
proteins referred to as ‘clients’. Hsp90 clients are define based upon their ability to physically

interact with Hsp90 and a decrease in function upon Hsp90 inhibition. A growing list of Hsp90
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clients is maintained online: http://www.picard.ch/downloads/Hsp90interactors.pdf (Picard,

2002; Echeverria et al., 2011). A majority of Hsp90 clients are involved in signal transduction
while others are involved in innate immunity, RNA modification, viral infection, and more (Zhao
et al., 2008; Wang, Y. et al., 2013; Wayne et al., 2011). The diversity and importance of the
Hsp90 client base place Hsp90 at the hub of vital regulatory pathways. Hsp90 client interactions
differ from other chaperones in that Hsp90 binds to partially or fully folded conformations,
rather than unfolded polypeptide chains, to promote maturation and activation of clients. The

mechanism behind Hsp90-client protein recognition is still poorly understood.

Early work on Hsp90 clients focused on steroid hormone receptors (SHRs) and kinases
(Pratt and Toft, 1997). A 90 kDa protein was found to co-precipitate with v-Src, the first
molecularly characterized oncogene, and other virally encoded Src-like kinases (Lipsich et al.,
1982; Brugge et al., 1981). Around the same time a 90 kDa protein was also found to be
associated with SHRs and the common interactor to both protein groups was identified as Hsp90
(Joab et al., 1984; Schuh et al., 1985). The SHRs progesterone receptor (PR) and glucocorticoid
receptor (GR) were found to tightly associate with Hsp90 only when not bound to steroid (Joab
et al., 1984; Sanchez et al., 1985). As SHRs are activated when bound to steroid agonists, it was
hypothesized that Hsp90 acts as a repressor of SHR activity, keeping them in an apo-receptor
state (Dalman et al., 1991). However, structural data revealed that Hsp90 is responsible for
remodeling the internal cavity of Hsp90 dependent SHRs making the cavity accessible for
hormone binding (Williams and Sigler, 1998; Stancato et al., 1996). Upon ligand binding the
receptor dissociates from Hsp90 and is able to translocate to the nucleus to regulate gene
expression (Picard, 2006; Grad and Picard, 2007). This context-dependent relationship is also
true for client kinases and a large portion of Hsp90 clientele (Caplan, 2003; McClellan et al.,
2007).

While common recognition or binding sites for Hsp90 client binding remain elusive, a
prevailing determinant of Hsp90 client interaction seems to be conformational instability
(Boczek et al., 2015; Taipale et al., 2010; Taipale et al., 2012). This is highlighted by the robust
association of Hsp90 with unstable v-Src and only transient association with the more stable
normal cellular counterpart c-Src (Falsone et al., 2004; Xu, Y. and Lindquist, 1993; Xu, Y. et al.,
1999). This is further supported by examples of oncogenic mutations in EGFR and BRAF that
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results in destabilized proteins with increased dependence on Hsp90 interaction (Shimamura et
al., 2005; da Rocha Dias et al., 2005; Grbovic et al., 2006; Wan et al., 2004). In this way, Hsp90
is responsible for binding to the open and conformationally labile states of a protein for
stabilization and subsequent activation (Vaughan et al., 2006; Kaul et al., 2002). The large
binding surface of Hsp90, compared to the defined pocket of other chaperones, may allow Hsp90
to form many low-affinity contacts with client proteins, stabilizing the scattered hydrophobic
residues that are characteristic of partially folded intermediates (Karagdz et al., 2014). Once a
client protein has bound to Hsp90, the timing of conformational transitions is important for
maturation of client proteins (Zierer et al., 2016). Hsp90 does not function in isolation but rather
in association with a group of intimately involved co-factors termed ‘co-chaperones’. Co-
chaperone proteins can provide specificity to Hsp90-client interactions and act as adaptors and
regulators of Hsp90 function (Caplan et al., 2007; Polier et al., 2013; Taipale et al., 2012;
Zuehlke and Johnson, 2010).

1.9 Hsp90 co-chaperones

In the eukaryotic cytosol, co-chaperones proteins help to regulate and support the function of
Hsp90 (Figure 1.4) (Siligardi et al., 2004; Caplan, 2003). They affect the ATPase rate and
conformational flexibility of Hsp90, recruit client proteins, and connect Hsp90 with additional
factors involved in protein folding and degradation (L4, J. et al., 2012; Cox and Johnson, 2018;
Zuehlke and Johnson, 2010). There are more than 20 co-chaperones that have been identified for
Hsp90 and many are conserved and functionally equivalent between yeast and humans (Chang
and Lindquist, 1994; Johnson, J. L., 2012; Sahasrabudhe et al., 2017). Although a majority of co-
chaperones are dispensable for Hsp90 function, alterations in co-chaperone levels can influence
Hsp90 client activation and stability (Tranguch et al., 2005; Wang, X. et al., 2006; Marozkina et
al., 2010; Cox and Johnson, 2018).

The early stages of the Hsp90 cycle involve client recruitment. Stil (stress-induced
phosphoprotein 1) is a tetratricopeptide repeat (TPR) domain containing protein and therefore
can bind to the C-terminal EEVD motifs found in both Hsp70 and Hsp90 (Schmid, A. B. et al.,
2012). Simultaneous binding to both chaperones is thought to facilitate the delivery of client
from Hsp70 to Hsp90 (Prodromou et al., 1999; Smith, D. F. and Toft, 1993) Stil stabilizes
Hsp90 in the open conformations and inhibits Hsp90 ATPase activity. Cdc37 (cell division cycle
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37 homolog) also facilitates client recruitment, stabilization of Hsp90 in an open conformation
and inhibition of ATPase activity however, Cdc37 client recruitment seems to be limited to
kinases (Roe et al., 2004; Siligardi et al., 2002). Additional client-specific co-chaperones of
Hsp90 include Tahl (TPR-containing protein associated with Hsp90) and Pih1 (protein
interacting with Hsp90) that are involved specifically with chromatin remodeling complexes and
small ribonucleoprotein (RNP) maturation (Eckert et al., 2010; Jiménez et al., 2012). The early
acting co-chaperones stabilize Hsp90 in an open conformation, preventing ATPase activity, and

allowing client binding.

Hsp90 needs to transition from an open to closed state before ATP hydrolysis can occur.
Stil can be displaced by the co-operative action of Cpr6 (cyclosporine-sensitive proline rotamase
6) with either Ahal (activator of Hsp90 ATPase) or Sbal (sensitivity to benzoquinone
ansamycins) (Harst et al., 2005; Richter and Buchner, 2011; Li, J. et al., 2012). Together these
co-chaperones support N-terminal dimerization and the displacement of Stil. Cpr6, is a TPR-
containing peptidyl-prolyl cis-trans isomerare (PPlase). The role of PPIases in Hsp90 regulation
is still poorly understood (Freeman et al., 1996; Cox et al., 2007; Pirkl and Buchner, 2001).
Ahal promotes the formation of the N-terminally dimerized state and simulates the ATPase
activity of Hsp90 (Meyer et al., 2004). Sbal promotes and stabilizes the closed conformation of
Hsp90, slowing the dissociation of the N-terminal domains and ADP release to facilitate the
maturation of client (Richter et al., 2004; McLaughlin et al., 2006; Ali et al., 2006; Graf et al.,
2014). Returning to an open conformation allows for release of mature client and ‘resets” Hsp90
for further rounds of client binding and release. In higher eukaryotes, the co-chaperone CHIP
(carboxyl terminus of Hsp70-interacting protein) is present and contains both a TPR and
ubiquitin ligase domain (Ballinger et al., 1999; Zhang, M. et al., 2005; Xu, Zhen et al., 2006).
CHIP interacts with Hsp70 or Hsp90 via the TPR domain and ubiquitinates Hsp70/Hsp90 client
proteins to target them to the proteasome for degradation (Connell et al., 2001; Kundrat and
Regan, 2010). The functional cycle and the effect that the Hsp90 cycle has on client proteins is
poorly understood. Developing an understanding of how co-chaperones regulate the Hsp90 cycle
and the interplay between co-chaperones will further elucidate the mechanism of Hsp90 action.

The co-chaperones highlighted in this thesis are discussed in greater detail below.
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Figure 1.4 Simplified model of the Hsp90 client activation cycle with co-chaperones.

1. Immature client proteins associated with the Hsp70 chaperone system are recruited to Hsp90
by Stil. 2. Binding of Cpr6, ATP, Ahal and/or Sbal results in the displacement of Stil and
Hsp90 N-terminal dimerization. 3. Hsp90 occupies a variety of closed conformations where the
middle and N-domains reposition and a more compact state is achieved. 4. Upon ATP
hydrolysis, mature client is released along with ADP, inorganic phosphate (Pi), and bound co-

chaperones, restoring Hsp90 to an open conformation.

18



1.9.1 Stil

Stil (Stil or Hsp70-Hsp90 organising protein (HOP) in mammals) is a ubiquitously expressed
Hsp90 co-chaperone (Johnson, J. L. and Brown, 2009; Nicolet and Craig, 1989; Honor¢ et al.,
1992). Stil contains three TPR domains (TPR1, TPR2A and TPR2B) each comprised of three
TPR motifs, as well as two domains rich in aspartate and proline (DP domains) (DP1 and DP2)
(Nelson et al., 2003; Odunuga et al., 2004). Each TPR domain contains an amphipathic channel
that directs protein-protein interactions (Blatch and Léssle, 1999). The TPR1 and TPR2B
domains both have affinity for the C-terminal IEEVD motif of Hsp70 and TPR2A binds the C-
terminal MEEVD motif of Hsp90 (Schmid, A. B. et al., 2012; Prodromou et al., 1999; Scheufler
et al., 2000).

Stil is involved in Hsp90 client recruitment and inhibits the ATPase activity of Hsp90 by
preventing N-terminal dimerization. The simultaneous binding of Stil to Hsp70 and Hsp90
forms a macromolecular complex for the transfer of client from Hsp70 to Hsp90 (Wegele et al.,
2006; Chen, S. and Smith, 1998). Stil is not essential in yeast and mammals however, mutations
in Stil impair client folding and also result in deficiencies under stress conditions (Chang et al.,
1997; Walsh et al., 2011). Stil is part of the minimal complement of proteins (Hsp90, Hsp70,
Hsp40, Stil, and Sbal) required for the in vitro reconstitution of hormone receptors (Rajapandi
et al., 2000; Morishima et al., 2000; Johnson, B. D. et al., 1998). Stil is a non-competitive
inhibitor of Hsp90 ATPase activity (Richter et al., 2003; Prodromou et al., 1999). Binding of a
single Stil monomer to the Hsp90 dimer is sufficient for inhibition of the ATPase activity of
Hsp90 (Li, J. et al., 2011). Stil induces a conformational change in Hsp90 that prevents the
association of the N-terminal domains (Siligardi et al., 2002; Hessling et al., 2009).

1.9.2 Sbal

Sbal (p23 in mammals) is the smallest known Hsp90 co-chaperone and is broadly expressed
throughout eukaryotes (Garcia-Ranea et al., 2002; Johnson, J. L. and Brown, 2009). Sbal
consists of two domains: a stably folded N-terminal domain and an unstructured acidic C-
terminal tail (Felts and Toft, 2003; Weaver et al., 2000). The N-terminal domain is sufficient for
Sbal interaction with Hsp90 (Weikl et al., 1999; Weaver et al., 2000; Ali et al., 20006).

Specifically the first 15 residues of the N-terminal domain and a conserved motif (104-
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WPRLTKEK-110) have been shown to be important for the Hsp90 dependent activity of Sbal
(Forafonov et al., 2008). The C-terminal tail is important for the independent chaperoning
activity of Sbal and may be important for cooperative conformation stabilization of Hsp90

clients (Freeman et al., 1996; Weikl et al., 1999; Weaver et al., 2000).

Sbal was first identified in complex with Hsp90 in the presence of a SHR (Johnson, J. L.
et al., 1994; Johnson, J. L. and Toft, 1994). The presence of Sbal in complex with Hsp90 is
dependent on nucleotide binding as inhibition of Hsp90 and mutations that prevent Hsp90
binding to ATP eliminate interaction of Sbal (Sullivan et al., 1997; Obermann et al., 1998;
Johnson, J. L. and Toft, 1994). The conformational changes that accompany Hsp90 ATP binding
are also important (Siligardi et al., 2004; Chadli et al., 2000; Prodromou et al., 1997). Sbal
cannot bind to the N-terminus of Hsp90 in isolation; ATP-dependent N-terminal dimerization is
required for Sbal binding (Prodromou et al., 2000; Siligardi et al., 2004). This is highlighted by
the crystal structure of Hsp82 in complex with Sbal and adenyly-imidodiphosphate (AMP-PNP),
a non-hydrolysable ATP analogue, that demonstrates Sbal interacts at the interface of the Hsp90
N-terminal domains (Ali et al., 2006). Binding of Sbal results in inhibition of the ATPase
activity of Hsp90 (Richter et al., 2004; Siligardi et al., 2004; McLaughlin et al., 2006). The
inhibition of the ATPase activity of Hsp90 was initially attributed to Sbal blocking
rearrangement of the catalytic loop (Panaretou et al., 2002; Martinez-Yamout et al., 2006). It has
now been shown that Sbal binding results in slowing the release of ADP from Hsp90 (Graf et
al., 2014). Sbal stabilizes the Hsp90-client complex, which facilitates client maturation

(Johnson, J. L. and Toft, 1994; Johnson, J. L. et al., 1994; Siligardi et al., 2004).
1.9.3 Aha-type co-chaperones

The co-chaperone Ahal is a robust stimulator of the low intrinsic ATPase activity of Hsp90 and
homologues of Ahal are conserved across eukaryotes (Lotz et al., 2003; Panaretou et al., 2002;
Retzlaff et al., 2010). Ahal consists of two similarly-sized domains connected by a linker region
(Figure 1.5) (Koulov et al., 2010). Mammals possess two Ahal homologues, Ahsal and Ahsa2.
S. cerevisiae, expresses a canonical Ahal protein, Ahalp, as well as Hchlp (high copy
suppressor of Hsp82p) which corresponds only to the N-terminal domain of Ahal ( Figure 1.6)
(Nathan et al., 1999; Lotz et al., 2003; Horvat et al., 2014). Ahal interacts with Hsp90 in an anti-
parallel fashion: the N-terminal domain of Ahal binds to the middle domain of Hsp90 and the C-
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terminal domain of Ahal binds to the N-terminal domain of Hsp90 (Figure 1.5) (Lotz et al.,
2003; Retzlaff et al., 2010; Meyer et al., 2004). The extensive networks of complementary
charged residues between the N-terminal domain of Ahal and the middle domain of Hsp90
results in these domains being the primary interaction sites for the two proteins (Figure 1.5)
(Meyer et al., 2003; Meyer et al., 2004; Panaretou et al., 2002; Retzlaff et al., 2010). This co-
crystal structure shows binding of the Ahal N-terminal domain is accompanied by
conformational changes in the Hsp90 catalytic loop (residues 370-390) (Meyer et al., 2004).
Ahal contains a conserved RKxK motif (residues 59-62) that is required for remodeling of the
catalytic loop (Horvat et al., 2014; Meyer et al., 2004). Mutations of residues within the
hydrophobic interface result in reduced Ahal affinity and reduced activation of Hsp90 ATPase
activation by Ahal (Meyer et al., 2004).

The conformational rearrangements that accompany the binding of the N-terminal
domain of Ahal to the middle domain of Hsp90 reveal only a part of the mechanism of Hsp90
ATPase stimulation by Ahalp. Robust stimulation of Hsp90 ATPase activity requires both
domains of Ahal (Meyer et al., 2004; Lotz et al., 2003; Panaretou et al., 1998). The N-terminal
domain of Ahalp alone and its homolog Hchlp can only weakly stimulate the ATPase activity of
Hsp90 (Panaretou et al., 2002; Lotz et al., 2003; Armstrong et al., 2012; Horvat et al., 2014;
Meyer et al., 2004). Fusion of the C-terminal domain of Ahalp to Hch1lp enhances the ability of
Hchlp to stimulate the ATPase of Hsp90, but still to a much lower level than the full length
Ahalp (Horvat et al., 2014). This supports the findings that Hch1p and Ahalp are not functional
homologues. Hchlp and Ahalp differ in their ability to rescue the expression of temperature
sensitive Hsp90 mutants and their ability to alter cell sensitivity to Hsp90 inhibitors (Armstrong
et al., 2012; Horvat et al., 2014). Interestingly, Hch1p and Ahalp share the conserved RKxK
motif that is important for remodeling the catalytic loop as well as the N-terminal NxXNNWHW
motif ( Figure 1.6) (Meyer et al., 2004; Horvat et al., 2014). As the most potent stimulator of the
low intrinsic ATPase rate of Hsp90, further examination of both the conserved and distinct
motifs among Ahal homologues will provide insight into the role this co-chaperone family plays

in Hsp90 regulation and the mechanism of Hsp90 ATPase activity.

21



Ahalp | —

Figure 1.5 Structure of Ahal and interaction with Hsp90.

A. Ahal is a two domain protein joined by a flexible linker region. B. The N-terminal domain of
Ahalp binds to the middle domain of Hsp90 and the C-terminal domain of Ahal binds to the N-
terminal domain of Hsp90 in the closed conformation. C. Crystal structure of between the middle
domain of Hsp90 (purple) and the N-terminal domain of Ahal (grey) with the core interaction
sites shown in rainbow (1USV (Meyer et al., 2004)).
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Figure 1.6 Aha-type co-chaperones in S. cerevisiae.

A. Sequence alignment of Ahalp and Hchlp from S. cerevisiae with conserved motifs

highlighted in red. The conserved NxXNNWHW and RKxK motifs are underlined number 1 and 2

respectively B. Domain structures illustrating that Hch1p corresponds the N-terminal domain of

Ahalp. C. Hchlp binds to the middle of Hsp90 as the N-terminal domain of Ahalp.
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1.10 Post-translational modifications of the Hsp90 system

Hsp90 function and regulation can be influenced by post-translational modifications (Scroggins
and Neckers, 2007; Prodromou and Morgan, 2016). More than 150 post-translational
modifications have been identified throughout all domains of Hsp90. They include
phosphorylation, SUMOylation, acetylation, methylation, ubiquitylation and S-nitrosylation
(Mollapour and Neckers, 2012). The role that phosphorylation and other post-translational
modifications play in Hsp90 regulation is only beginning to be understood (Walton-Diaz et al.,
2013). Post-translational modifications are able to affect Hsp90 dimerization, ATPase activity,
co-chaperone binding, and ultimately regulate client maturation (Soroka et al., 2012; Mollapour
and Neckers, 2012; Li, J. and Buchner, 2013). Casein kinase 2 (CK2)-mediated phosphorylation
of a conserved threonine reside (Thr 22) of Hsp90, provides a good example of the complexities
that post-translational modifications play in Hsp90 regulation. CK2 mediates phosphorylation of
Hsp90 and is an Hsp90 client, highlighting that clients can also be regulators of the post-
translational modification status of Hsp90 (Mollapour, Tsutsumi, Kim et al., 2011; Mollapour,
Tsutsumi, Truman et al., 2011). There is a feedback mechanism that exists for both the activity
and activation of Hsp90 and clients. Additionally, while Thr 22 is in the N-terminal domain of
Hsp90, it is important for interaction with the catalytic loop in the middle domain to stabilize the
ATP bound, ATPase-competent state of Hsp90 (Mollapour, Tsutsumi, Truman et al., 2011).
Post-translational modifications throughout Hsp90 are able to regulate conformational changes
and their effects are not restricted to the domains of Hsp90 that they modify (Soroka et al., 2012;
Martinez-Ruiz et al., 2005; Retzlaff et al., 2009). Non-phosphorylatable and phospho-mimetic
Thr 22 mutants have defects in Hsp90-dependent chaperoning of some clients (e.g. v-Src and
Stel1) but not others (e.g. GR) (Mollapour, Tsutsumi, Truman et al., 2011). This highlights that
post-translational modifications may play a role in differentially regulating Hsp90 in order to
accommodate its diverse client base and can both positively and negatively regulate Hsp90
activity. Phosphorylation of Thr 22 also results in increased sensitivity to Hsp90 inhibitors
highlighting that post-translational modifications can also change cell sensitivity to Hsp90

inhibitors (Mollapour, Tsutsumi, Truman et al., 2011).

The relationship between post-translational modifications and co-chaperones is complex
with each co-chaperone and post-translational modification differentially affecting each other

and Hsp90. Mutants of Hsp90 at Thr 22 have reduced interaction with the co-chaperone Ahal,
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while the overexpression of Ahal is able to overcome the chaperoning defects of these mutants
(Mollapour, Tsutsumi, Truman et al., 2011). Interestingly, it is suggested that post-translational
modifications in higher eukaryotes may represent evolutionary substitutions for co-chaperones
found in lower eukaryotes (Zuehlke et al., 2017). Post-translational modification of co-
chaperones have also been identified that affect their regulation of Hsp90 (Dunn et al., 2015;
Vaughan et al., 2008). Post-translational modifications add an additional layer of regulation to
the Hsp90 system and may offer novel strategies for improved drug sensitivity to Hsp90

inhibitors.

1.11 The Hsp90 chaperone network in disease

Hsp90 is involved in regulating a vast number of cellular functions, including signal
transduction, cellular trafficking, chromatin remodeling, cell survival, differentiation, and
autophagy (Zuehlke and Johnson, 2010). The diverse and essential role of Hsp90 in cells initially
led to skepticism about the potential for targeting Hsp90 in disease. However, the ability to
simultaneously disrupt multiple signalling pathways and mutant proteins chaperoned by Hsp90,

provides a unique combinatorial approach to addressing the complexities of disease.
1.11.1 Hsp90 in cancer

The role of Hsp90 in disease has been best characterized in terms of cancer (Whitesell and
Lindquist, 2005; Barrott and Haystead, 2013). As cancer cells are challenged with surviving
under stress conditions and have increased mutated and damaged proteins, it is not surprising
that they commonly display increased expression of Hsp90 and other Hsps (Chant et al., 1995;
Chatterjee et al., 2017). Recognition that Hsp90 was the target of an anti-tumour drug led to a
burst in identification of Hsp90 clients and implicated Hsp90 as a novel target for cancer therapy
(Whitesell et al., 1994). Cancer-relevant Hsp90 clients include EGFR, BCR-ABL, BRAF, p53,
and many others (Miyata et al., 2013). Hsp90 plays an important role in stabilizing the active
conformations of mutant proteins that occur through transformation. The diverse client base
means that Hsp90 is involved in all hallmarks of cancer development including metastasis,
angiogenesis, regulation of tumour growth and invasion (Hanahan and Weinberg, 2011). An
increased demand and central role for Hsp90 in cancer cells has been suggested to be the reason
for the cancer cells displaying greater sensitivity to Hsp90 inhibitors compared to normal cells

(Chiosis et al., 2003; Kamal et al., 2003). Additional explanations for this phenomenon currently
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under examination include altered states of Hsp90 post-translational modification, elevated
affinity for the Hsp90 complexes that form in cancer cells, and variability in Hsp90-complexes.
In the model systems Drosophila and Arabidopsis, Hsp90 allows the accumulation of inherent
genetic mutations at the protein level (Rutherford and Lindquist, 1998; Queitsch et al., 2002). In
this same way, Hsp90 may function as a buffer in cancer cells, supporting inherently unstable
proteins that result from genetic alterations characteristic of cancer cells. Not only does Hsp90
inhibition have the potential to simultaneously disrupt multiple signalling pathways but it may
also restrict the acquisition of mutations responsible for drug resistance experienced with other
anti-tumour agents. Our understanding of the highly connected relationship between Hsp90 and

cancer is constantly evolving.
1.11.2 Hsp90 in other diseases

The extensive role of Hsp90 in cells implicates Hsp90 in the maintenance and pathogenesis of a
broad array of diseases. As in cancer, Hsp90 often supports propagation of disease through
stabilizing mutant protein conformations that should otherwise be degraded. For example Hsp90
stabilizes mutant Leucine-rich repeat kinase 2 (LRRK?2), a kinase that has been implicated in
both familial and sporadic cases of Parkinson’s disease (Wang, L. et al., 2008). Inhibition of
Hsp90 leads to proteasomal degradation of mutant LRRK?2, limiting neuronal toxicity. In
tauopathies, Hsp90 has been shown to interact only with mutant tau proteins and inhibition of
Hsp90 leads to the elimination of aggregated tau (Luo et al., 2007; Shelton et al., 2017). In
neurodegenerative diseases, Hsp90 inhibition is shown to reduce aberrant neuronal protein
activity and subsequent formation of toxic aggregates (Luo et al., 2010). Success in preclinical
studies has also led to the investigation of Hsp90 inhibitors in the treatment of autoimmune and
inflammatory diseases (Liu, Y. et al., 2015; Tukaj and Wegrzyn, 2016). As autoimmune diseases
represent a broad group of diseases that are generally poorly understood, the direct role of Hsp90
remains elusive. New evidence has shown that necroptosis, a form of programmed cell death,
can contribute to the pathogenesis of human diseases, including neurodegenerative,
inflammatory, and autoimmune diseases (Galluzzi et al., 2017; Zhou and Yuan, 2014). Hsp90 is
now known to chaperone the core components of the necroptosis pathway and provides a novel

strategy for treatment necroptosis-related diseases (Yang, C. K. and He, 2016).
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1.11.3 Hsp90 inhibitors

The first Hsp90 inhibitor identified was the natural product geldanamycin (GA) (Whitesell et al.,
1994; DeBoer et al., 1970). GA was initially suggested to be a tyrosine kinase inhibitor due to its
potent anti-tumour activities and its ability to inhibit the oncogenic kinase activity of v-Src
(DeBoer et al., 1970; Whitesell et al., 1992). However, GA was unable to inhibit the activity of
purified v-Src and upon further investigation the anti-proliferative activity of GA was revealed to
be a result of interaction with Hsp90 (Stebbins et al., 1997; Whitesell et al., 1992; Whitesell et
al., 1994). Structural and biochemical studies show that GA binds to the nucleotide binding
pocket in the N-terminal domain of Hsp90, restricting Hsp90 to an open conformation, blocking
chaperone function and resulting in the loss of Hsp90 client activation (Roe et al., 2004; Neckers,
2006; Khandelwal et al., 2016). GA, along with other natural product inhibitors including
radicicol and herbimycin, have shown poor clinical potential due to limited in vivo stability, poor
solubility, and high toxicity (Supko et al., 1995; Neckers and Workman, 2012). Structure-activity
analysis of these natural product inhibitors has aided in the development of new derivatives (17-
allylamino-17-demethoxygeldanamycin (17-AAG) and 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (17- DMAG)) with increased potency and affinity for Hsp90 in cancer
cells (Sausville et al., 2003; Solit and Chiosis, 2008). Continued structure-based design strategies
led to the development of NVP-AUY922 and STA-9090 (Ganetespib) that progressed through to
clinical trials (Menezes et al., 2012; Gaspar et al., 2010; Eccles et al., 2008; Lin, T. et al., 2008;
Neckers and Workman, 2012).

Competitive inhibitors of the Hsp90 ATP binding pocket are considered ‘classical’
Hsp90 inhibitors (Khandelwal et al., 2016; Wang, Y. and McAlpine, 2015). These inhibitors
have been shown to have greater accumulation and increased toxicity in malignant cells
compared to normal tissue, supporting their potential for selective cytotoxicity (Chiosis et al.,
2003; Chiosis and Neckers, 2006; Kamal et al., 2003). While the mechanisms responsible for the
preferential accumulation of Hsp90 inhibitors in tumour cells is not fully understood, the
increased expression of Hsp90 in tumours, altered modifications and protein interactions, as well
as changes in localization are all suggested to play a part (Barrott and Haystead, 2013). In
addition, oncogenic mutations, that facilitate the transformation of normal cells into malignant

cells, often results in unstable oncoproteins that rely heavily on Hsp90 chaperone function
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(Whitesell and Lindquist, 2005; Neckers, 2002). Hsp90 is known to buffer the proteome,
promoting the evolution of heritable traits (Rutherford and Lindquist, 1998; Queitsch et al.,
2002). This means that targeting Hsp90 may limit the acquisition of genetic variation and the
accumulation of mutations that are the foremost reason for drug resistance in other cancer
therapies (Garraway and Janne, 2012; Whitesell et al., 2014). Combination therapies with Hsp90
offer a way to enhance anti-tumour activity and limit drug resistance of current target-based

therapies.

Hsp90 inhibition shows positive impacts on reducing specific oncogenic client levels, but
the complexities of Hsp90 are often not taken into account. The reach of Hsp90 clients extends
beyond oncoproteins and also includes tumor suppressors whose degradation upon Hsp90
inhibition would support metastatic growth (Vartholomaiou et al., 2016). In addition, inhibition
of the ATPase activity of Hsp90 results in the upregulation of prosurvival mechanisms, including
the heat shock response (Whitesell and Lindquist, 2005; Morimoto, 1998; Wang, Y. and
McAlpine, 2015). The upregulation in chaperones upon Hsp90 inhibition is part of the rationale
for using Hsp90 inhibitors in the treatment of neurodegenerative diseases where protein
disaggregation and increased protein folding are advantageous (Klettner, 2004; Luo et al., 2010).
However, this is an undesired side effect for the use of Hsp90 inhibitors in cancer treatment.
Non-classical inhibitors that bind Hsp90 outside of the nucleotide binding pocket may provide a
promising alternative for advancing Hsp90 therapeutics in cancer as they have been shown to

inhibit Hsp90 without upregulating the heat shock response (Garg et al., 2016).

There is a distinct nucleotide binding site found in the C-terminus of Hsp90 (Soti et al.,
2003). The role of this nucleotide binding site is still unclear in terms of the Hsp90 cycle,
however, it has been shown to provide an alternative binding site for inhibitors (Marcu et al.,
2000; Wang, Y. and McAlpine, 2015). The natural product novobiocin (NB), binds to the C-
terminal nucleotide binding pocket of Hsp90 and results in destabilization of Hsp90 clients
(Marcu et al., 2000). NB disrupts the interaction of Stil and Hsp70 with Hsp90 and can
allosterically modulate the N-terminal nucleotide binding pocket, but does not induce the
prosurvival heat-shock response (Marcu et al., 2000). Subsequent structural-activity relationship
studies on NB have led to improvements in specificity and potency (Burlison et al., 2006;

Donnelly and Blagg, 2008). Additional C-terminal inhibitors have been reported and do not
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induce the heat shock response (Eskew et al., 2011; Donnelly and Blagg, 2008; Yin et al., 2009).
In order to advance C-terminal inhibitors into the clinic, an exact understanding of the structural

interactions is necessary.
1.11.4 Hsp90 co-chaperone inhibitors

The interaction of co-chaperone proteins with Hsp90 provides an alternative mechanism through
which Hsp90 can be targeted for inhibition. Co-chaperones have distinct Hsp90 functions and are
uniquely regulated in different diseases. Targeting protein-protein interactions of co-chaperones
with Hsp90 would be a more specific approach for targeting Hsp90 in disease. A majority of
work on the inhibition of co-chaperones has focused on disrupting the interaction of Cde37 and
Hsp90. Cdc37 plays a specialized role in the maturation and stabilization of kinases, which are
key regulators of protein activation and are therefore critically involved in cancer progression
(Gross et al., 2015; Giamas et al., 2007). Hsp90-Cdc37 regulated kinases include EGFR, v-Src,
Raf-1, HER-2/ErbB2 and other kinases intimately involved in cell proliferation and tumour
progression (Smith, J. R. and Workman, 2009; Polier et al., 2013). Inhibitors thought to disrupt
the interaction of Cdc37 with Hsp90 show degradation of Hsp90-dependent client kinases and
anti-metastatic activities in multiple cancer cell types (Zhang, T. et al., 2008; Smith, J. R. et al.,
2009; Garg et al., 2016; Gray et al., 2007). Alternatively, inhibition of the interaction of Sbal
with Hsp90 shows no impact on the stability of kinases but results in the destabilization of client
SHRs and cancer cell death via apoptosis (Hieronymus et al., 2006; Patwardhan et al., 2013).
Inhibition of TPR domain containing proteins has also been investigated with preliminary work
showing selective cytotoxic activity in cancer cells (Horibe et al., 2011). Targeting the
interaction of co-chaperone proteins with Hsp90 provides a more directed approach to Hsp90
inhibition. As the understanding of co-chaperone regulation of Hsp90 continues to progress,

there is promise for the development of improved means of Hsp90 inhibition.

1.12 Rationale

Hsp90 is an abundant and essential molecular chaperone involved in the activation and
maturation of a diverse group of client proteins. Hsp90 client proteins include key regulatory
kinases, hormone receptors, and transcription factors and therefore Hsp90 is known to play a role
in the proliferation of cancer, neurodegenerative, and viral diseases (Schopf et al., 2017). For the

maturation and activation of client proteins, Hsp90 proceeds through an ATP coupled
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conformational cycle in concert with co-chaperone proteins (Cox and Johnson, 2018; Taipale et
al., 2014). Co-chaperones provide directionality to the Hsp90 cycle, supporting Hsp90 dynamics
and the activation of a varied client base (Li, J. and Buchner, 2013; Hessling et al., 2009). The
co-chaperone Ahal is the most potent stimulator of the Hsp90 ATPase activity identified to date
(Lotz et al., 2003; Panaretou et al., 2002; Retzlaff et al., 2010; Li, J. et al., 2013). The role of
Ahal is complex, with Ahal activity known to limit the activation of some Hsp90 clients while
supporting others (Wang, X. et al., 2006; Koulov et al., 2010; Sun et al., 2012). There remains a
significant gap in understanding the kinetics of Hsp90 conformational changes and the
mechanism of Ahal regulation. In this thesis, I focus on furthering our understanding of the Aha-
type co-chaperones and their impact on Hsp90 activity. Chapter 3 and 4 detail structural and
functional analysis of conserved motifs of the Aha-type co-chaperone family. Chapter 3 focuses
on the N-terminal NxXNNWHW motif showing that, in contrast to previous reports, it is important
for the function of Aha-type co-chaperones. Chapter 4 looks at the role of the RKxK motif in
Aha-type co-chaperones, showing that mutations differentially impair Hsp90 ATPase stimulation
and in vivo function. Chapter 5 outlines expanded models and phenotypes available to further the

investigation of Aha-type co-chaperone function.
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Chapter 2 Materials and Methods
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2.1 Materials
2.1.1 Reagents

The following chemicals, reagents, enzymes, and commercial kits were used according to the

manufacturer’s instructions and in adherence with the recommendations and procedures outlined

by the University of Alberta Environmental Health and Safety office and Workplace Hazardous

Materials Information Systems (WHIMIS).

Table 2.1 List of chemicals and reagents

Chemical/Reagent

Supplier

5-fluoroorotic acid

Toronto Research Chemicals

3-Mercaptoethanol

BioShop Canada Inc.

Acetic acid; glacial

Thermo Fisher Scientific

Acetone

Thermo Fisher Scientific

Acrylamide (30%; 29:1) BioRad Laboratories
Adenosine diphosphate (ADP) MP Biomedicals, LLC
Adenosine triphosphate (ATP) Fisher BioReagents

Adenylyl-imidodiphosphate (AMP-PNP)

Sigma-Aldrich Life Sciences

Agar

Thermo Fisher Scientific

Agarose (UltraPure™)

Thermo Fisher Scientific

Amino Acids

MP BioChemicals, LLC

Ammonium Persulphate (APS)

Life Technologies Inc.

Ammonium Sulphate

Thermo Fisher Scientific

Ampicillin

Sigma-Aldrich Life Sciences

Bovine serum albumin (BSA)

Hoffmann-La Roche Ltd.

Brilliant Blue R-250

Fisher BioReagents

Bromophenol Blue

BDH Laboratory Sciences

Butanol

Thermo Fisher Scientific

CHAPS

Thermo Fisher Scientific

Complete, EDTA-free protease inhibitor cocktail
tablets

Hoffmann-La Roche Ltd.

Coomassie Blue Stain

BioRad Laboratories

Delbecco’s phosphate buffered saline Mediatech Inc.
Deoxyribonucleotide triphosphate (ANTP) Roche Diagnostics
Dextrose (D-Glucose) Fisher BioReagents

Dimethyl pimelimidate (DMP)

Thermo Fisher Scientific

Dimethyl sulfoxide (DMSO)

Thermo Fisher Scientific

Disodium phosphate (Na;HPO4)

Thermo Fisher Scientific

Dithiothreitol (DTT)

Roche Diagnostics

Dulbecco Modified Eagle Medium (DMEM) (high
glucose) with L-glut and Na Pyruvate

Gibco, Thermo Fisher Scientific

Ethanol

Thermo Fisher Scientific
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Ethanolamine

Thermo Fisher Scientific

Ethylenediaminetetraacetic acid (EDTA)

Thermo Fisher Scientific

Fetal Bovine Serum (FBS)

Gibco, Thermo Fisher Scientific

Filter Paper Munktel

Galactose Fisher BioReagents

GeneRuler 1 kb DNA Ladder Fermentas-Thermo Fisher Scientific
Geneticin (G418) HyClone

Glutamic acid monosodium salt monohydrate

ACROS organics

Glycerol

Thermo Fisher Scientific

Glycine MP Biomedicals, LLC
HALT Protease Inhibitor Cocktail, EDTA-free Thermo Fisher Scientific
Hepes Brand BioReagents

Hydrochloric acid (HCI)

Thermo Fisher Scientific

Hydrogen Peroxide (H20-)

Thermo Fisher Scientific

Hygromycin Goldbio

Imidazole Thermo Fisher Scientific
Iodoacetamide Sigma-Aldrich Life Sciences
Isopropanol Thermo Fisher Scientific

Isopropyl-B-D-thiogalactopyranoside (IPTG)

OmniPur

L-glutamine (GlutaMAX supplement)

Thermo Fisher Scientific

Lithium Acetate (LiAc)

Acros Organics

Luminal (3-Aminophthalhydrazide)

Sigma-Aldrich Life Sciences

Luria Broth (LB), Miller

Thermo Fisher Scientific

Magnesium acetate (Mg(OAc))

Sigma-Aldrich Life Sciences

Magnesium chloride (MgCl,)

Thermo Fisher Scientific

Magnesium sulfate (MgSO4)

Thermo Fisher Scientific

Methanol Thermo Fisher Scientific
Milk protein Carnation
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5- | Sigma-Aldrich Life Sciences

diphenyltetrazolium bromide)

Nickel Sulphate

Thermo Fisher Scientific

Nicotinamide Adenine Dinucleotide (NADH)

Sigma-Aldrich Life Sciences

Nitrocellulose membranes

BioRad Laboratories

NVP-AUY922

Chemie Tek

Opti-MEM I Serum Reduced Media

Gibco, Thermo Fisher Scientific

p-Coumaric Acid

Sigma-Aldrich Life Sciences

PageRuler™ Protein Ladder Plus

Fermentas-Thermo Fisher Scientific

PCR Primers Integrated Device Technology
PEG3550 Thermo Fisher Scientific
Peptone Becton, Dickinson and Company (BD)

Phenylmethylsulfonylfluoride (PMSF)

Thermo Fisher Scientific

Phosphoenol Pyruvate (PEP)

Sigma-Aldrich Life Sciences

Polyinosinic:polycytidylic acid (poly(I1:C))

Sigma-Aldrich

Ponceau S

MP Biomedicals, LLC

Potassium Acetate

Thermo Fisher Scientific




Potassium Chloride (KCI)

Thermo Fisher Scientific

Pyruvate Kinase/Lactate Dehydrogenase enzyme
from Rabbit muscle (PK/LDH)

Sigma-Aldrich Life Sciences

Raffinose MP Biomedicals, LLC
RPMI Medium 1640 Gibco, Thermo Fisher Scientific
Salmon Sperm DNA Thermo Fisher Scientific

Sodium Acetate

EMD Millipore

Sodium Borate

Thermo Fisher Scientific

Sodium Chloride (NaCl)

Thermo Fisher Scientific

Sodium Citrate dihydrate

Thermo Fisher Scientific

Sodium Dodecyl Sulphate (SDS)

Thermo Fisher Scientific

Sodium Hydroxide (NaOH) Thermo Fisher Scientific
Sodium Phosphate (NaH>PO4) Thermo Fisher Scientific
Sodium Pyruvate (100x) Gibco, Thermo Fisher Scientific
Sorbitol Thermo Fisher Scientific

SYBR Safe DNA Gel Stain

Invitrogen - Life Technologies

Tetramethylethylenediamine (TEMED)

Thermo Fisher Scientific

Thiourea

Sigma-Aldrich Life Sciences

Trichloroacetic acid (TCA)

Thermo Fisher Scientific

Tris (tris-(hydrocymethyl)aminomethane) (Tris-Base)

Thermo Fisher Scientific

Tris hydrochloride (Tris-HCI)

Thermo Fisher Scientific

Triton X-100

Thermo Fisher Scientific

Tween 20 Thermo Fisher Scientific
Urea Thermo Fisher Scientific
Yeast Extract Becton, Dickinson and Company (BD)

Yeast Nitrogen Base w/o ammonium sulphate

Becton, Dickinson and Company (BD)

Table 2.2 DNA modifying enzymes and buffers

Enzyme or Buffer

Supplier

PfuTurbo DNA polymerase

Agilent Technologies

Restriction Digest Enzymes

New England BioLabs (NEB)

Restriction Digest Enzymes Buffer

New England BioLabs (NEB)

T4 DNA Ligase New England BioLabs (NEB)
T4 DNA Ligase Buffer New England BioLabs (NEB)
TopTaq DNA Polymerase QIAGEN
TopTaq DNA Polymerase Buffer QIAGEN
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Table 2.3 Commercial kits

Commercial Kit Supplier
Improm-II Reverse Transcriptase Promega, Thermofisher
Nucleospin RNA isolation kit Macherey-Nagel

PerfecCTa SYBR Green SuperMix Low Rox real- | Quanta Biosciences

time PCR kit

QIAGEN PCR Purification Kit QIAGEN

QIAGEN Plasmid Midiprep Kit QIAGEN

QIAprep Spin Miniprep Kit QIAGEN

QIAquick Gel Extraction Kit QIAGEN
QuikChange™ Mutagenesis Agilent Technologies

Table 2.4 General Laboratory media and buffers

Media/Buffer

Composition

2DGE Lysis Buffer

7 M Urea, 2 M Thiourea, 4% CHAPS, 30 mM Tris-
HCl pH 8.7, 1 mM PMSF, 20 mM DTT, 2 mM
Mg(OAc)

2DGE Buffer 1

6 M Urea, 30% Glycerol, 2% SDS, 75 mM Tris-HCI
pH 8.8, 1% DTT

2DGE Buffer 2

6 M Urea, 30% Glycerol, 2% SDS, 75 mM Tris-HCI
pH 8.8 and 2% lodoacetamide

ATPase Assay Reaction Buffer (4x)

4 mM PEP, 11 mM Hepes, pH 7.2

Alkaline Lysis Buffer

2.2 M NaOH, 10 mM PMSF, 1M B-Mercaptoethanol

Coomassie Stain (50x)

3.33% (w/v) Brilliant Blue R-250, 10% acetic acid
(v/v) in Methanol

Destain 10% (v/v) Ethanol, 10% Glacial Acetic acid (v/v)

6X DNA Loading Dye 0.3 % (w/v) Bromophenol Blue, 30 % (v/v) Glycerol,
0.3 % (w/v) Xylene cyanol

ECL Solution #1 0.45 mM p-Coumaric Acid, 2.5 mM Luminol , 1.5%
(v/v) DMSO, 0.1 M Tris pH 8.8

ECL Solution #2 0.02 % (v/v) Hydrogen Peroxide, 0.1 M Tris Base,

pH 8.8

Electrode (10x)

1.92 M Glycine, 250 mM Tris Base, 1% (w/v) SDS

Gel Filtration Buffer (Co-Chaperone)

25 mM Hepes, pH 7.2, 50 mM NacCl, 5 mM -
Mercaptoethanol

Gel Filtration Buffer (Hsp90)

25 mM Hepes, pH 7.2, 10 mM NacCl, 5 mM -
Mercaptoethanol

Immobilized Metal Ion Affinity
Chromatography (IMAC) Buffer A

25 mM NaH;POg4, pH 7.2, 500 mM NaCl , 20 mM
Imidazole, | mM MgCl, 5 mM B-Mercaptoethanol

Immobilized Metal Ion Affinity
Chromatography (IMAC) Buffer B

25 mM NaH;POyq, pH 7.2, 500 mM NaCl,1 M
Imidazole, | mM MgCl, 5 mM B-Mercaptoethanol
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LiAcTE Buftfer

10 mM Tris Base, pH 7.2, 100 mM LiAc, 1 mM
EDTA

Luria Broth (LB) media

2.5% (w/v) LB powder

Mammalian Lysis Buffer

50 mM Hepes pH 7.4, 100 mM NaCl, 5 mM MgCl,,
20 mM Na;MoQs4, 20 mM KF, 20% glycerol, 1%
TX-100, 2 mM Na>VOs, phosphatase inhibitor
cocktail, PhosSTOP

Mammalian IP Lysis Buffer

50 mM Tris pH 7.2, 100 mM Potassium Acetate, 1
mM MgCl>, 20 mM Na;MoOs, 1% TX-100, 2 mM
Na»VOs, phosphatase inhibitor cocktail, PhosSTOP

10X PBS 1.36 M NaCl, 27 mM KClI, 17.6 mM KH>POs, 152
mM Na,HPO4, pH 7.4
4X Running Gel Buffer 1.5 M Tris Base, pH 8.8, 0.4 % (w/v) SDS

SDS-PAGE Sample Buffer (6X)

120 mM Tris Base, pH 7.0, 30 % (v/v) Glycerol, 6 %
(w/v) SDS, 0.6 % (w/v) Bromophenol Blue Drop

Stacking Gel Buffer

140 mM Tris Base, pH 6.8, 0.11% (w/v) SDS

Stripping Buffer

100 mM Tris-HCI pH 6.7, 2% SDS (w/v), 100 mM
3-Mercaptoethanol

Synthetic Complete (SC) Drop-Out
Medium

2% (w/v) Carbon source (Glucose or Galactose or
Raffinose), 0.175% Yeast Nitrogen Base, 0.5 %
Ammonium Sulphate, Appropriate amino acids

Synthetic Complete (SC) Drop-Out
Medium- Amino Acid composition

2 mg/mL Adenine Sulphate, 4 mg/mL Arginine, 10
mg/mL Aspartate, 10 mg/mL Glutamic Acid, 6
mg/mL Isoleucine, 10 mg/mL Leucine, 5 mg/mL
Lysine, 2 mg/mL Methionine, 5 mg/mL
Phenylalanine, 40 mg/mL Serine, 20 mg/mL
Threonine, 2 mg/mL Tyrosine, 15 mg/mL Valine, 33
mg/mL Histidine, 10 mg/mL Tryptophan, 2 mg/mL
Uracil

Synthetic Complete (SC) Drop-Out
Medium- Monosodium Glutamic Acid
(for use with drug selection)

2% (w/v) Carbon source (Glucose or Galactose or
Raffinose), 0.175% Yeast Nitrogen Base, 0.1%
Monosodium glutamic acid, 40 mM Sodium citrate
dehydrate pH 6.2

Tris-buffered saline (TBS) (10x)

1.37 M NaCl, 27 mM KCl, 250 mM Tris Base, pH
8.0

Western Transfer Buffer

25 mM Tris Base, 192 mM Glycine, 20% (v/v)
methanol

Yeast Lysis Buffer

50 mM Tris, pH 7.5, 100 mM KCIl, 5 mM MgCl,, 20
mM Na,MoOs, 20% Glycerol, 5 mM B-
mercaptoethanol, HALT EDTA-free protease
inhibitor

Yeast Peptone Dextrose (YPD)

1% (w/v) Yeast Extract, 1% (w/v) Peptone, 2% (w/v)
Glucose, Galactose or Raffinose
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2.1.2 Antibodies

Table 2.5 Antibodies

Antibody Dilution | Host Supplier

anti-actin 1:2000 Rabbit | Dr. Gary Eitzen (University of
Alberta)

anti-AHA (5D11) monoclonal 1:1000 Mouse | Dr. Paul LaPointe (University of
Alberta)

anti-Cdc37 (SPC-142) polyclonal 1:1000 Rabbit | StressMarq Biosciences Inc.

anti-His (D3110) monoclonal 1:1000 Rabbit | Cell Signalling

anti-HOP (SRA-1500) 1:1000 Mouse | Stressgene, Enzo Life Sciences

anti-Hsp82 (K41220A) 1:1000 Mouse | StressMarq Biosciences Inc.

anti-Hsp90 (clone AC88) 1:1000 Mouse | Enzo Life Sciences

monoclonal

anti-Hsp90 (SPA-846) polyclonal 1:1000 Rabbit | Enzo Life Sciences

anti-IRF3 (D83B9) monoclonal 1:1000 Rabbit | Cell Signalling

anti-IRF3 (phospho Ser386) 1:1000 Rabbit | abcam

(ab76493) monoclonal

anti-IRF3 (phospho Ser396) (4D4G) | 1:1000 Rabbit | Cell Signalling

monoclonal

anti-myc (4A6) monoclonal 1:1000 Mouse | Millipore

anti-myc (9E10) 1:1000 Mouse | Dr. Paul LaPointe (University of
Alberta)

anti-p23 (JJ#) monoclonal 1:1000 Mouse | Thermo Fisher Scientific

anti-phosphotyrosine (SMC-1570) 1:1000 Mouse | StressMarq Biosciences Inc.

anti-Tetra-His (34670) 1:1000 Mouse | QIAGEN

anti-Tubulin (clone B-5-1-2) 1:1000 Mouse | Sigma-Aldrich

anti-v-Src (clone 327) 1:200 Mouse | Sigma-Aldrich

*Secondary antibodies were acquired from Jackson Labs and used at a dilution of 1:4000

2.2 Methods

2.2.1 Extraction, amplification, and modification of DNA

The extraction, amplification, and/or modification of DNA was done using the enzymes included

in Table 2.2 and kits outlined in Table 2.3 following manufacturer’s protocols.

2.2.2 Yeast plasmid and strain construction

The yeast strains ip82a, iE381K, ip82a hchl, ip82a ahal, and iTHisHsp82p were derived from

APCLDa (Nathan and Lindquist, 1995) and have been previously described (Armstrong et al.,

2012; Horvat et al., 2014). All site-directed mutagenesis was carried out using QuikChange™
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mutagenesis according to the manufactures protocol (Agilent). Coding sequences for all
mutagenized plasmids was verified by sequencing. Yeast galactose-inducible plasmids were
constructed by amplifying HCHI and AHA1 (wildtype or variant) coding sequences by PCR to
have upstream BamHI and downstream Sacl (for HCH1) or Notl (for AHA]I) sites for cloning
into pRS416GAL (for wildtype Ahalp and Hchlp) or pPRS426GAL (for Al1 variants) (LaPointe
et al., 2005). The HCHI and AHAI coding sequences (wildtype or variant) coding sequences
were amplified by PCR with primers designed to have an upstream BamHI site and a
downstream X#ol site for cloning into similarly cut p41KanTEF (Armstrong et al., 2012; Horvat
et al., 2014). We constructed the p42HygGPD vector by digesting the GPD and CYC1
terminator fragment of p414GPD (Mumberg et al., 1995) with Sacl and Kpnl and ligating into
similarly cut pRS42H (Taxis and Knop, 2006). The HCH1 and AHA1 (wildtype or variant)
coding sequences with the C-terminal myc-tag were cut from p41KanTEF plasmids using
BamH]I and Xhol and cloned into p42HygGPD cut BamHI and Sall to yield p4A2HygGPD,
Hygromycin resistant plasmids. Yeast strains transformed with p41KanTEF and p42HygGPD
were selected for with G418 (200 mg/L) or Hygromycin (300 mg/L) respectively.

The mutant Hsc82p52>® was identified in a yeast screen (Kravats et al., 2018). We
received the plasmids pRS313-HSCS2 and pRS313-HSC82-5S25P, along with the yeast strain
hsc82hsp82/URA3-HSPS2 from Dr. Jill Johnson (University of Idaho, USA). Plasmids were
transformed into the yeast strain, selected for using SC-histidine, and URA3-HSPS82 was selected
against on 5-fluoroorotic acid. We received the pRS361 v-Src plasmid from Dr. David Morgan
(University of California, USA) (Murphy et al., 1993) and transformants were selected on SC-

uracil.
2.2.3 Bacterial plasmid construction

pET11dHis expression vectors encoding Hsp82p, Ahalp, Ahalp™, Hchlp, Stilp, Sbalp, and
Cprop were constructed as previously described (Armstrong et al., 2012; Horvat et al., 2014;
Wolmarans et al., 2016). For the removal of the N-terminal 6xHis-tag and insertion of the co-
chaperone coding sequence with a C-terminal 6xHis-tag Ahalp, Ahalp®!!, AhalpY, AhalpR¥4,
Ahalp®®4 and Ahalp®®?* were amplified by PCR with primers designed to introduce an Xbal
site at the 5> end and a 6xHis-tag and BamHI site at the 3° end. Hchlp, Hch1p®!!, Hch1pR¥4,
Hch1p®%° and Hch1pX%?A were amplified by PCR with primers designed to introduce an Ncol
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site at the 5° end and a 6xHis-tag and a BamHI site at the 3’ end. PCR products were digested
with the appropriate restriction enzymes and ligated into a similarly cut pET11dHis vector. Site-
directed mutagenesis for Hsp82p(S25P) was carried out using QuikChange™ mutagenesis

according to the manufactures protocol (Agilent).
2.2.4 Mammalian plasmid construction

pcDNA™S5/TO (ThermoFisher Scientific) mammalian expression vector was used for the
transient expression of protein in cell culture. hAhsal, mAhsal, or the N-terminal deletion
variant (A27) were amplified by primers designed to introduce a BamHI site at the 5° end and a
myc-tag along with a NofI site at the 3’ end. PCR products were digested with the appropriate
restriction enzymes and ligated into a similarly cut pcDNA™5/TO vectors. All site-directed
mutagenesis was carried out using QuikChange™ mutagenesis according to the manufactures

protocol (Agilent). Coding sequences for all plasmids was verified by sequencing.
2.2.5 Escherichia coli transformation

DNA was incubated with 50 pL of DHS5a or BL21 (DE3) E. coli competent cells on ice for 20
minutes. Reactions were heat shocked for 45 seconds at 42°C, then incubated on ice for two
minutes. After the addition of 1 mL of LB media, reactions were incubated at 37°C for 30
minutes. Cells were pelleted by centrifugation (1 minute at 13,000 rpm using an Eppendorf
5417C centrifuge with a F45-30-11 rotor) before being plated on LB agar plates containing 100

png/ml ampicillin. Plates were incubated overnight at 37°C.
2.2.6 Saccharomyces cerevisiae transformation

Yeast strains were transformed using the lithium acetate transformation protocol. Yeast cells
were grown overnight at 30°C in 5 mL of appropriate media. After overnight growth they were
diluted to ODeoo of 0.3 and grown for an additional 4 hours. All centrifugation for this protocol
took place in an Eppendorf 5417C centrifuge with a F45-30-11 rotor at 3,000 rpm for 2 minutes.
Cells were pelleted, washed with 1 mL of ddH»O, pelleted, resuspended in 1 mL LiAcTE Buffer,
and pelleted. Cells were then resuspended in 50 pL of LiAcTE Buffer. Each of the following was
added followed by a quick vortex: 10 pL salmon sperm DNA, 1 ug of DNA, 300 uL of PEG
solution (40% PEG3550 (w/v) in LiAcTE Buffer), and 6 pL DMSO. Transformations were then

39



incubated for recovery at 30°C for 1 hour, followed by a 42°C incubation for 15 minutes. Cells
were pelleted and resuspended in 1 mL of sorbitol and 1 mL of non-selective media for overnight
growth at 30°C. After overnight growth, cells were centrifuged and plated on selective media

plates. Plates were grown at 30°C for 2-3 days.
2.2.7 Yeast protein alkaline extraction

Yeast cultures were grown overnight and the following day, 5 ODeoo units of cells were pelleted
by centrifugation (2 minutes at 3,000 rpm in an Eppendorf 5417C centrifuge with a F45-30-11
rotor), washed with 1 mL ddH»O and pelleted by an additional 2 minute spin. Cell pellets were
resuspended in 500 uL. ddH>O and 90 pL Alkaline Lysis Buffer. Samples were vortexed twice
for 30 seconds and left to incubate on ice for 10 minutes. 250 pL of 100% TCA was added to
each sample followed by a 10 second vortex and 10 minute incubation on ice. Samples were
centrifuged for 10 minutes at 13,000 rpm at 4°C (Eppendorf 5417C centrifuge with a F45-30-11
rotor). Supernatants were removed by vacuum and pellets were washed with 80% acetone and
left on ice for 10 minutes, before additional centrifugation. Supernatant was removed and pellets

were left to dry at room temperature for twenty minutes before SDS-PAGE.
2.2.8 Yeast soluble protein extraction

After overnight growth at 30°C in appropriate media, 35 ODeoo units of cells were pelleted by
centrifugation (2 minutes at 3,000 rpm in an Eppendorf 5417C centrifuge with a F45-30-11
rotor), washed with 1 mL ddH>O and pelleted by an additional 2 minute spin. Cell pellets were
resuspended in 1 mL Yeast Lysis Buffer and transferred to 2 mL screw cap tubes filled half-full
with 0.5 mm glass beads (Biospec, Bartlesville, OK, USA). Cells were lysed with a Mini-
Beadbeater-16 for a total of 3 minutes, 30 seconds of bead-beating followed by 30 seconds on
ice 6 times. The supernatant was clarified by centrifugation at 20,800 rcf for 10 min. 500 pL was
taken and 90 puL Alkaline Lysis Buffer was added. Protein was extracted following the remainder

of the steps outline in 2.2.7 Yeast protein alkaline extraction.
2.2.9 Yeast growth assays

Yeast cultures were grown overnight at 30°C in 5 mL of appropriate media. After overnight

growth yeast strains were diluted to an ODeoo of 1 followed by 10-fold serial dilutions. Ten puL.
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drops of the dilutions were plated on appropriate medium followed by growth for 1-3 days at

30°C, 34°C, or 37°C as indicated.
2.2.10 Yeast v-Src activation assay

Yeast cultures were grown overnight at 30°C in 5 mL of appropriate media supplemented with
2% raffinose. After overnight growth, cells were diluted to an ODgoo of 0.5 and grown for an
additional 6 hours at 30°C in 5 mL of appropriate media supplemented with 2% glucose, for
inhibition of the plasmid, or 2% galactose, for plasmid induction. After 6 hours the ODgoo was

measured and 5 units of cells were harvested for protein extraction.

2.2.11 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), Coomassie blue

staining, and western blot analysis

Proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE). Proteins samples were diluted 5:1 with 6x Sample Buffer or cell pellets were
resuspended in 70 pL of 2x sample buffer (1:3 6x SDS-PAGE Sample Buffer in ddH>0). Once
in sample buffer, samples were boiled for 10 minutes, centrifuged, and 10 pL aliquots were
loaded onto gels for separation by SDS-PAGE. Gel percentage was chosen to best resolve the
protein/proteins of interest. Following SDS-PAGE, protein was visualized by Coomassie blue

staining or western blot.

Total protein levels were visualized by Coomassie blue staining. Gels were immersed in
Coomassie Stain (1X (1:50 Coomassie Stain (50X) in Destain)), heated in a microwave for 30
seconds, and rocked until desired band intensity was achieved. Gels were then placed in Destain
and rocked until sufficient background dye was removed. Gels were visualized using the Cell

BioSciences FluorChemQ system.

Visualization of specific proteins was achieved by western blot. Proteins separated by
SDS-PAGE were transferred to nitrocellulose membrane (0.45um, BioRad) in Western Transfer
Buffer. Membranes were blocked with 2% BSA in 0.1% TBS-tween (0.1% (v/v) Tween 20 in
Tris-buffered saline (TBS)). After blocking, membranes were incubated with the primary
antibody corresponding to the protein of interest, Table 2.5. After incubation with primary

antibody membranes were washed 3 times in 0.1% TBS-tween. Membranes were then incubated
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with 2° Horseradish peroxidase (HRP)-conjugated antibody. Membranes were washed with 0.1%
TBS-tween prior to detection and visualization using enhanced chemiluminescence (ECL) (50:50
ECL Solution #1 and ECL Solution #2) and the Cell BioSciences FluorChemQ system. For the
stripping of membranes, membranes were submerged in Stripping Buffer at 55°C for 30 minutes
with occasional agitation. Membranes were washed twice, rocking at room temperature for 10
minutes in 0.1% TBS-tween. Membranes were blocked with 2% BSA- 0.1% TBS-tween prior to

incubation with antibodies, as above.
2.2.12 Protein expression and purification

Proteins were expressed in the E. coli strain BL21 (DE3) from the pET11d vector encoding the
6xHis-tagged protein of interest. Cells were grown in 50 mL LB supplemented with 5 mg
ampicillin overnight at 37°C while shaking at 200 rpm. 10-15 mL of starter culture was used to
inoculate 750 mL LB media supplemented with 75 mg ampicillin. Cultures were grown at 37°C
while shaking at 200 rpm to an ODgoo of 0.8-1.2 before induction with 1 mM isopropyl-1-thio-D-
galactopyranoside (IPTG). Once induced, cultures were grown overnight at 30°C or 6 hours at
37°C and then harvested at 4°C using a Beckman Coulter Avanti J-26XP1 with a JLA-8.1 rotor
for 15 minutes at 7,000 rpm. Cell pellets were resuspended in 1x PBS, transferred to 50 mL
conical centrifuge tubes, and centrifuged at 4°C for 15 minutes at 4,150 rpm in a Thermo
Scientific Sorval Legend T+ (7500 6445 swinging bucket rotor). Pellets were used immediately
or stored at -80°C.

Pellets were resuspended in IMAC Buffer A, supplemented with HALT Protease
Inhibitor Cocktail and lysed by running through the Avestin Emulsiflex C3 (Avestin, Ottawa,
Ontario, Canada) 5-7 times. Lysates were clarified by ultracentrifugation at 36,000 rpm for 30
minutes at 4°C using a Beckman Coulter Optima L-100K centrifuge and Ti60 rotor. Protein
purifications were performed using an AKTA Explorer Fast Protein Liquid Chromatography
(FPLC) system with a Frac-950 collector (GE Healthcare). The supernatant, cytoplasmic fraction
cleared of cell debris, was injected over a 5 mL HisTrap FastFlow (FF) Nickel column (GE
Healthcare). Weakly bound proteins were washed from the column with IMAC Buffer A and 5%
IMAC Buffer B before a gradient of 5-100% of IMAC Buffer B and 2 column volumes of 100%
IMAC Buffer B were used to elute the proteins of interest. Eluted proteins were collected in 1

mL fractions and fractions containing the protein of interest were determined using the FPLC
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absorbance chromatography and SDS-PAGE. Nickel columns were stripped, cleaned, and

recharged between every purification.

Protein fractions were pooled and concentrated, using the appropriate 15 mL Amicon
Ultra Centrifugal Filter Device, by centrifugation in a Thermo Scientific Sorvall Legend T+
(7500 6445 swinging bucket rotor) at 4,150 rpm and 4°C for 5 minute intervals. Hsp82p was
pooled and concentrated in the presence of 5 mM EDTA. Before further purification by size
exclusion chromatography, the concentrated protein samples were cleared of insoluble
particulates by centrifugation at 13,000 rpm (Eppendorf 5424 centrifuge with FA-45-21-11
rotor). For size exclusion chromatography samples were injected in 1-3 mL sample loops via the
FPLC loading port and run over a Superdex 200 column (GE Healthcare) using the appropriate
Gel Filtration Buffer. Proteins were eluted in 2 mL fractions and fractions containing the protein
of interest were determined using the FPLC absorbance chromatography and SDS-PAGE.
Protein fractions were pooled and concentrated. Protein concentration was calculated according
to the Beer-Lambert law: A= ¢lc, where A4 is absorbance, ¢ is extinction or molar absorption
coefficient and / is the path length. Protein absorbance at 280 nm (A2g0) was measured using a
NanoDrop Spectrophotometer where / was 1 cm and ¢ was calculated using Vector NTI based on
amino acid composition. Multiple readings at different dilutions were averaged to ensure

absorbance was accurate. The final protein concentration was determined using the following

formula: Concentration (uM) = AZ% %x 1,000,000

Purified proteins were aliquoted and snap frozen in liquid nitrogen and stored at -80°C.
2.2.13 ATPase assays

All ATPase reactions were carried out in triplicate at 30°C in 100 pL volumes, using a 96-well
plate. Hsp82p activity was analyzed by using a pyruvate kinase/lactate dehydrogenase (PK/LDH)
regenerated system where the regeneration of ATP is coupled to the oxidation of NADH.
Absorbance of NADH (340 nm) was measured using a BioTek Synergy 4 plate reader every
minute for 90 minutes. The final conditions for reactions was 25 mM Hepes (pH 7.2), 12.5-16
mM NaCl, 5 mM MgCl,, ]| mM DTT, 0.3-0.6 mM NADH, 2 mM ATP (co-chaperone titration
and cycling experiments) or 0.00125-1.6 mM ATP (ATP titration experiments), 1 mM
phosphoenol pyruvate (PEP), 2.5 uL of PK/LDH, and 5% DMSO. Identical reactions were
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quenched with 100 uM NVP-AUY922 and subtracted from unquenched reactions (DMSO) to
correct for contaminating ATPase activity. Data was collected by the Gen5 software program
with the path-length correction function enabled and absorbance values were exported to
Microsoft Excel. The decrease in NADH absorbance was converted to micromoles of ATP using
Beer’s Law and expressed as a function of time (min™") (Ali et al 1993). Average values of the
experiments are shown with error expressed as standard error of the mean, with the exception of
those shown as fold ATPase stimulation or ATPase inhibition which are shown with error
expressed as standard deviation. In co-chaperone titration experiments, binding affinities were
calculated according to the following equation: Y=((Bmax*X)/(Kapp+X))+Xo, where Bmax is
the top asymptote, X is the offset and Kapp is the apparent binding affinity (Retzlaff et al.,
2010). In ATP titration experiments the ATPase rates and K, values were analyzed with the

Michaelis-Menton non-linear regression function in GraphPad Prism.
2.2.14 Mammalian cell culture

A549, MAF (Didier Picard, University of Geneva), and melanoma (MelanA, B16-F0, B16-F10)
cell lines were maintained in DMEM with high glucose, L-glutamate, sodium pyruvate, and 10%
FBS. MDA-MB-321-TB cells were maintained in RPMI with L-glutamate and 10% FBS. All

cells were maintained in a humidified atmosphere of 5% CO; at 37°C.
2.2.15 Mammalian cell culture transfection

Transfection of plasmids for the transient expression of proteins was performed on cells grown to
be 70-90% confluent at the time of transfection. Transfections were completed using
Lipofectamine® 2000 (Thermo Fisher Scientific) or Lipofectamine® 3000 (Thermo Fisher
Scientific) according to the manufacturer’s instruction and cultured overnight for protein
expression. For small interference RNAs (siRNAs) (Silencer® Select Negative control #1 siRNA
or AHSAI Silencer® Select Pre-designed siRNA ID:s20802 (Ambion)) reverse transfections
were performed using RNAiMax (Invitrogen) according to the manufacturer’s instructions. Cells
were reverse transfected at 70-90% confluency. For the transfection of poly(I:C), confluent cells
were transfected with 1 ug of poly(I:C) using Lipofectamine® 2000 (Thermo Fisher Scientific)
for the indicated times. For cell lysis, cells were washed with 1xPBS and then rocked in

Mammalian Lysis buffer at 4°C for 30 minutes before being scraped and pipetted into 1.5 mL
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tubes for clarification by centrifugation (10 minutes at 13,000 rpm at 4°C (Eppendorf 5417C
centrifuge with a F45-30-11 rotor) and visualization by SDS-PAGE and western blotting.

2.2.16 Mammalian cell culture viral infection

Experiments with WNV (strain NY99) were performed in CL-3 facilities (University of Alberta).
Virus stocks were diluted in serum free growth medium to achieve a multiplicity of infection
(MOI) of 0.5. Cells were incubated with the virus for 2-4 hours and then the inoculum was
replaced with growth medium for additional growth as indicated. Total RNA was isolated using
a Nucleospin RNA isolation kit (Macherey-Nagel) according to manufacturer’s instructions.
Improm-II Reverse Transcriptase (Promega, Thermofisher) was used to transcribe isolated RNA
into cDNAs. qRT-PCR reactions were conducted using the PerfecCTa SYBR Green SuperMix
Low Rox real-time PCR kit (Quanta Biosciences) with appropriate primers in a Stratagene
MX3005P™ thermocycler. Reactions were performed in duplicate. The comparative CT (AACT)
method (Livak and Schmittgen, 2001) was used to quantify the relative levels of each RNA
transcript. Relative levels of the mRNA for the gene of interest were calculated compared to the

levels of B-actin or GAPDH as a control.
2.2.17 Mammalian cell viability assay- MTT assay

Cells were plated 5000 cells/well in a 96 well plate and grown for 24 hours before being treated
with varying concentration of NVP-AUY922 or DMSO (control) in triplicate and grown for an
additional 48 hours. Media was removed and 100 pL Opti-MEM media with 10 pL of 12 mM of
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) were added to each well
and incubated for 3 hours at 37°C. Media was removed and 50 pL. of DMSO was added to each
well followed by a 10 minute incubation at 37°C. Reduction of MTT (yellow) to purple
formazan by living cells was measured by reading the absorbance at 560 nm using a BioTek
Synergy 4 plate reader. Averages for triplicates of each inhibitor concentrations were calculated

and expressed as a percentage of the control for each experiment.
2.2.18 Crosslinking antibodies to beads

All spins were completed at 3000 rpm at 4°C (7500 6445 swinging bucket rotor). Antibodies

were crosslinked at 5 mg of antibody per 1 ml of Ultralink Protein G beads (Pierce Thermo
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Fisher). For crosslinking beads were washed with 10x volume (corresponding to initial bead
volume) of 1xPBS, spun down, and PBS was removed before the appropriate amount of anti-
body was added. Anti-bodies were allowed to bind for 1 hour rotating at room temperature.
Beads were washed twice with 10x the bead volume of 100 mM Sodium Borate. Beads were
resuspended in 10x volume of 100 mM Sodium Borate with 20 mM dimethyl pimelimidate
(DMP) and cross-linking was allowed to proceed for 30 minutes rotating at room temperature.
Beads were spun down and liquid removed before the reaction was stopped by the addition of
10x volume of 200 mM Ethanolamine. Beads were spun down and resuspended in 10x the bead
volume of 200 mM Ethanolamine and allowed to rotate at room temperature for 2 hours. Beads
were then washed three times with 10x the bead volume of PBS before being stored in 50% (v/v)

PBS.
2.2.19 Immunoprecipitation assay

Cells were washed twice with 500 uL of 1xPBS and the lysed in 300 uL of Mammalian IP Lysis
Buffer. Lysates were clarified by centrifugation for 10 minutes at 4°C and 13,000 rpm
(Eppendorf 5417C centrifuge with a F45-30-11 rotor). 50:50 bead slurry was added (based on
the size of cell lysate) to the supernatant and incubated rotating at room temperature for 1 hour.

Beads were washed in Mammalian IP Lysis Buffer before 2-DGE or SDS-PAGE.
2.2.20 2-dimensional gel electrophoresis (2DGE)

Plated cells were scraped and resuspended in 500 pL of 2DGE Lysis Buffer and allowed to
rotate for 1.5 hours at 4°C. Samples were then centrifuged at 13,000 rpm at 4°C for 10 minutes
(Eppendorf 5417C centrifuge with a F45-30-11 rotor). To 125 uL of clarified cell lysate or
resuspended IP sample, 2.5 uL 1 M DTT and 1.25 pL of IPG buffer (pH 4-7) (GE Healthcare
Life Sciences) was added. Samples were then incubated with Immoniline™ DryStrip (pH 4-7, 7
cm) (GE Healthcare Life Sciences) at room temperature for 20 hours followed by first
dimensional electrophoresis (1. Step and hold: 300 V, 2.5 hours; 2. Gradient 1000 V, 30 minutes;
3. Gradient: 5000 V, 1.5 hours; 4. Step and hold: 5000 V, 30 minutes). For equilibration, strips
were incubated in 2DGE Buffer 1 for 15 minutes rocking at room temperature, washed with

water, and then incubated in 2DGE Buffer 2 for 15 minutes rocking at room temperature. For
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second dimension electrophoresis, strips were placed on a 10% SDS-PAGE gel and sealed using

Stacking Gel Buffer containing 0.1% SDS.
2.2.21 Genomic analysis

Reciprocal BLAST (Basic Local Alignment Search Tool) searches were performed using Hchlp
and Ahalp protein sequences against a large number of published genomes with which predicted
protein sequences exist. Proteins were classified as Hchlp-like if they contained one or more of
the NxXNNWHW, D53, and RKxK motifs but lacked a recognizable C-terminal domain similar to
Ahalp'73% Ahalp-like proteins were similarly identified except in possession of a recognizable

C-terminal domain.
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Chapter 3 The conserved NxXNNWHW motif in Aha-type co-chaperones modulates the
kinetics of Hsp90 ATPase stimulation

A version of this chapter has been published in:

“Mercier, R., Wolmarans, A., Schubert, J., Neuweiler, H., Johnson, J.L., and LaPointe, P. (2019).
The conserved NxXNNWHW motif in Aha-type co-chaperones modulates the kinetics of Hsp90
ATPase stimulation. Nature Communications /0(1), 1273. DOI:10.1038/s41467-019-09299-3"
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3.1 Introduction/Rationale

Ahalp is the most potent activator of the ATPase activity of Hsp90 identified to date. Although
present across eukaryotes, Aha-type co-chaperones are relatively weakly conserved. While yeast
and human Hsp90 possess ~60% identity, yeast Ahalp and human Ahal share only 23%
identity. Despite weak conservation, Aha-type co-chaperones are able to stimulate the ATPase
activity of Hsp90 (Carrigan et al., 2004; Nelson et al., 2004). Canonical Ahalp is comprised of
two domains joined by a flexible linker and yeast also possess a related co-chaperone called
Hchlp that lacks the C-terminal domain. Hchlp has 36.5% identity and 50% similarity to the N-
terminus of Ahalp, and both can bind to the middle domain of Hsp90 ( Figure 1.6) (Panaretou et
al., 2002; Lotz et al., 2003). Homologues of Hch1, which correspond only to the N-terminal
domain of Ahal, have been found in some members of the subphylum Saccharomycotina
whereas canonical two-domain Ahalp family members are found across eukaryotes (Figure 3.1).
The biological significance of the ATPase stimulation activities of the Aha-type co-chaperones
and the manner in which these co-chaperones regulate Hsp90 activity and function remains

poorly understood.

The core interaction between Ahal and Hsp90 is the binding of the N-terminal domain of
Ahal with the middle domain of Hsp90 (Figure 1.5) (Meyer et al., 2003; Meyer et al., 2004).
Therefore, while both Hchlp and the N-terminal domain of Ahal (Ahalp!-15%) are able to
stimulate the ATPase activity of Hsp90, the C-terminal domain of Ahal alone is not (Panaretou
et al., 2002; Horvat et al., 2014). Shared functional and enzymatic activity of proteins are often
linked to regions of sequence conservation. Comparative analysis of the Aha-type co-chaperones
reveal that the most strongly conserved region is found at the N-terminus of the N-terminal
domain and defined by the NxXNNWHW motif (Figure 3.1). The co-crystal structure between the
N-terminal domain of Ahal and the middle domain of Hsp90, shows that the N-terminal
Asn/Trp-rich motif is unstructured but predicted to extend towards the N-terminal ATP binding
domains of the Hsp90 (Figure 3.2) (Ali et al., 2006; Meyer et al., 2004). The predicated
proximity of this region and high level of conservation led us to hypothesize that the
NxNNWHW motif plays a role in regulating conformational dynamics associated with the
ATPase activity of Hsp90. Investigation of the biological function of this motif and the effect on
Hsp90 ATPase stimulation provide insight into the role of the NxXNNWHW motif in Hsp90

regulation.
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Figure 3.1 Alignment of Aha-type co-chaperones across multiple eukaryotic species.
Conserved sequences are highlighted in red and non-conserved sequences are highlighted in

blue. The conserved NxXNNWHW and RKxK motifs are outlined by boxes A and B respectively.
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Figure 3.2 Crystal structure of the predicted position of the NxXNNWHW motif.

A. Crystal structure of full length, closed Hsp90 dimer (N-terminal domains- blue, middle
domains- purple, C-terminal domains- green, ATP- red) (2CG9 (Ali et al., 2006)) with the N-
terminal domain of Ahalp (grey) (IUSV (Meyer et al., 2004)) superimposed. Trp 11 and Val 12
(red sticks) indicate where the N-terminal NxXNNWHW motif would be present (it is unstructured
in 1USV). B. A model of the complex between the middle domain of Hsp90 (purple) and the N-
terminal domain of Ahalp (grey) shown in (A) (1USV (Meyer et al., 2004)).
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3.2 Results
3.2.1 The Nx\XNNWHW motif is required for optimal stimulation of Hsp82p ATPase activity

The main function ascribed to the Aha-type co-chaperones is stimulation of the low intrinsic
ATPase activity of Hsp90 (Panaretou et al., 2002; Meyer et al., 2004). We are able to examine
this function in vitro, through the use of ATPase assays with Hsp82p and an enzymatic ATP
regenerating system (Panaretou et al., 1998). For purification purposes, proteins harbour a 6xHis-
tag that is conventionally placed at the N-terminus. Previous analysis has shown that the V-
terminal 11 amino acids of Ahalp, which includes the conserved NxXNNWHW motif, are not
required for Hsp82p ATPase stimulation by Ahalp (Meyer et al., 2004). Our lab has shown that
Hchlp and Ahalp differ in their ability to rescue the temperature sensitive phenotype of various
Hsp90 mutants and in their ability to alter sensitivity to Hsp90 inhibitors (Horvat et al., 2014;
Armstrong et al., 2012). In addition, while a mutation in the catalytic loop of Hsp90, E381K,
impairs the ability of Ahalp to stimulate Hsp90, stimulation by Hchlp is not changed (Horvat et
al., 2014; Meyer et al., 2003). We wanted to determine if the N-terminal motif plays a role in the
ability of Hchlp to stimulate the ATPase activity of Hsp90. To do this we constructed mutants of
Ahalp and Hchlp lacking the N-terminal 11 amino acids which includes the NxXNNWHW motif
(Ahalp®'! and Hch1p?!! respectively). As we were looking to determine the consequences of the
deletion of the NxXNNWHW motif found at the very N-terminus of these co-chaperones, we
performed these experiments with co-chaperones that, as dictated by convention, harboured an
N-terminal 6xHis-tag (6xHis-Ahalp, 6xHis-Ahalp®!!, 6xHis-Hch1p, and 6xHis-Hch1p?!'!) and
we also purified and tested co-chaperones with a C-terminal 6xHis-tag (Ahalp-6xHis, Ahalp®!!-
6xHis, Hch1p-6xHis, and Hch1p®!!'-6xHis).

Consistent with previous results, deletion of the N-terminal motif did not alter the ability
of 6xHis-Ahalp to stimulate the ATPase activity of Hsp90 (Figure 3.3 A) (Meyer et al., 2004).
Interestingly, the removal of this motif from 6xHis-Hchl1p results in increased stimulation of
Hsp90 (Figure 3.3 B). In contrast, removal of the NxXNNWHW motif from C-terminally tagged
Ahalp and Hchlp reveals impairments in the ATPase stimulation by both co-chaperones (Figure
3.4). For the C-terminally 6xHis-tagged co-chaperones the maximal ATPase activity upon the
addition of Ahalp”!! was ~2.8 fold lower than Ahalp and the difference between Hchlp®!! and
Hchlp was ~1.7 fold. Surprisingly, deletion of the NxXNNWHW motif did not impair ATPase
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stimulation by the Ahalp N-terminal domain on its own (Figure 3.5). Comparison of the N- and

C-terminally 6xHis-tagged versions of Ahalp show that stimulation is higher for full length
Ahalp when the 6xHis-tag was on the C-terminus (Figure 3.6). This suggests that the presence
of an N-terminal 6xHis-tag interferes with ATPase stimulation by the Aha-type co-chaperones.
All further in vitro assays were preformed using C-terminally 6xHis-tagged Aha-type co-
chaperones. The deletion of the NxXNNWHW motif did not alter the folding of either Ahalp or
Hchlp as ThermoFluor thermal shift assays, completed by Dr. Paul LaPointe, showed the
melting curves for Ahalp®!! and Hch1p®!! were identical to those obtained for their wildtype
counterparts. The melting temperature (Tm) of Ahalp and Ahalp®!'! were 63.6 +/- 0.9 and 63.3
+/- 0.9°C, respectively. The Tm of Hchlp and Hch1p?!! were 51.5 +/- 2.0 and 52.6 +/- 1.8°C,
respectively (n=9). Together, these data show that the NxXNNWHW motif is required for
maximal ATPase stimulation by both Hchlp and Ahalp.
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Figure 3.3 Hsp90 ATPase stimulation by /V-terminally tagged Ahalp and Hchlp.

A. Stimulation of Hsp82p ATPase activity by increasing concentration of Ahalp (black circles)
and Ahalp®!! (blue squares). Reactions contained 1 uM Hsp82p and indicated concentrations of
co-chaperone (n=3). B. Stimulation of the Hsp82p ATPase activity by increasing concentrations
of Hchlp (black circles) and Hch1p®!! (purple squares). Reactions contained 1 uM Hsp82p and

indicated concentration of co-chaperone (n=3).
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Figure 3.4 Hsp90 ATPase stimulation by C-terminally tagged Ahalp and Hchlp.

A. Stimulation of Hsp82p ATPase activity by increasing concentration of Ahalp (black circles)
or Ahalp®!! (blue squares). Reactions contained 1 pM Hsp82p and indicated concentrations of

co-chaperone (n=3). B. Stimulation of the Hsp82p ATPase activity by increasing concentrations

of Hchlp (black circles) or Hch1p?!! (purple squares). Reactions contained 4 uM Hsp82p and

indicated concentration of co-chaperone (n=3).
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Figure 3.5 Deletion of the NxXNNWHW motif does not affect ATPase stimulation by the
Ahal N-terminal domain alone.

Stimulation of the Hsp82p ATPase activity by increasing concentrations of Ahalp™ (black
circles) and Ahalp™2!! (green squares). Reactions contained 4 uM Hsp82p and indicated

concentration of co-chaperone (n=3).
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Figure 3.6 Hsp90 ATPase stimulation by V- and C-terminally 6xHis-tagged Ahalp.

A. Schematic of N-and C-terminally 6xHis-tagged Ahalp constructs. B. Stimulation of Hsp82p

ATPase activity by increasing concentrations of 6xHis-Ahalp (blue diamonds), 6xHis-Ahalp®!!
(green triangles), Ahalp-6xHis (black circles), and Ahalp®!!-6xHis (purple squares). Reactions

contained 1 pM Hsp82p and indicated concentration of co-chaperone (n=3).
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3.2.2 The Nx\XNNWHW motif is required for Hchlp action in cells

The importance of the N-terminal motif for in vivo function of Aha-type co-chaperones has not
been investigated. Several different yeast assays have been previously employed that
demonstrate a role for Hch1p in Hsp90 regulation in vivo (Nathan et al., 1999; Armstrong et al.,
2012; Horvat et al., 2014). The phenotype that led to the identification of Hch1p, showing the
overexpression of Hchlp rescues the temperatures sensitive growth of yeast expressing the

E381K

temperature sensitive mutant Hsp82p , provides one such assay (Nathan et al., 1999).

D33K "a mutation that disrupts the interaction of Hchlp

Importantly, the overexpression of Hchlp
with the Hsp90 middle domain, does not rescue Hsp82p=3#1X demonstrating that direct interaction
is necessary (Meyer et al., 2004; Horvat et al., 2014). We transformed yeast expressing wildtype
Hsp82p or Hsp82pt3#!K with plasmids that overexpress either Hchlp or Hch1p®!! in a galactose-
inducible fashion. Initial experiments using the same promoter for both co-chaperones showed
lower expression of Hch1p®!!. To establish equal expression of the co-chaperones, we expressed
Hch1p”!! under a stronger promoter and show the overexpression of Hchlp is able to rescue the
growth of yeast expressing Hsp82p™3#X but the overexpression of Hchlp #!! is not (Figure 3.7
A). Comparable levels of both the wildtype and N-terminally truncated versions of Hchlp were
determined by western blot for soluble and total protein levels (Figure 3.7 B). We have
previously shown that the overexpression of Hch1p results in hypersensitivity to the Hsp90
inhibitor NVP-AUY922 (Armstrong et al., 2012; Horvat et al., 2014). We overexpressed either
Hchlp or Hchlp?!! and show that the loss of the N-terminal motif abolishes the ability of Hchlp
to induce hypersensitivity to Hsp90 inhibitors (Figure 3.8 A). Hchlp and Hchlp 2! were
expressed to similar levels (Figure 3.8 B). Together, these experiments reveal that the
NxNNWHW motif is important for the in vivo function of Hch1p. The role of the NxXNNWHW
motif in the function of Ahalp was not addressed in these assays as changing the expression

level of Ahalp does not result in a phenotype (Armstrong et al., 2012; Horvat et al., 2014).
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Figure 3.7 The NxXNNWHW motif is required for Hch1p-mediated rescue of the
Hsp82pE38¥1K mutant in vivo.

A. Overexpression of Hch1p, but not Hch1p?!'!, rescues growth defects of yeast expressing
Hsp82pE3¥!K, Yeast expressing wildtype Hsp82p (ip82a) or Hsp82p=*8!X (iE381Ka) and
harbouring expression plasmids encoding the indicated myc-tagged co-chaperones were grown
overnight at 30 °C in SC media lacking uracil (SC-Ura) and containing 2% raffinose and then
diluted to 1 x 108 cells per milliliter. We prepared 10-fold serial dilutions and spotted 10 pL
aliquots on SC-Ura agar plates supplemented with either 2% glucose or galactose. Plates were
incubated for 2 or 3 days for ip82a and iE381Ka strains, respectively, at 30 °C. B. Western blot
of total lysates and the soluble protein fraction from the yeast strains shown in (A) were probed

with anti-Hsp90, anti-actin, and anti-myc antibodies. Representative results of three independent

experiments are shown.

59



A

NVP-AUY922 conc. opM 50 uM 200 pM
Control
Hchlp-myc
Hchlp?'-myc

10° 101 162 103 10° 16 102 107 10° 10! 102 1073

Control

—
=)
(=]
1
!
a

Figure 3.8 The NxXNNWHW motif is required for Hchlp to confer sensitivity to Hsp90
inhibitors.

A. Overexpression of Hchlp, but not Hch1p?!'!, confers hypersensitivity to NVP-AUY922 in
yeast. Yeast expressing wildtype Hsp82p (ip82a) and harbouring expression plasmids encoding
the indicated myc-tagged co-chaperones were grown overnight at 30 °C in YPD supplemented
with G418 (200 mg/L) and then diluted to 1 x 108 cells per milliliter. We prepared 10-fold serial
dilutions and spotted 10 pL aliquots on YPD agar plates supplemented with G418 (200 mg/mL)
and the indicated concentrations of NVP-AUY922. Plates were incubated for 2 days at 30°C. B.
Western blot of total lysates and the soluble protein fraction from the yeast strains shown in (A)
were probed with anti-Hsp90, anti-actin, and anti-myc antibodies. Representative results of three

independent experiments are shown.
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3.2.3 The NxXNNWHW motif is required for Ahalp action in cells

There have been few assays that clearly demonstrate a role for Ahal in the in vivo regulation of
Hsp90. In an attempt to understand the overlapping or competing functions that take place
between co-chaperones others have shown that the overexpression of SBAI, PPT1, AHAI, or
HCHI results in the negative growth of yeast that also express a mutation in the essential co-
chaperone SGT1 (sgt1-K360F) (Johnson, J. L. et al., 2014). While Sgtl is a conserved and
essential co-chaperone its role remains poorly characterized. Sgtl is comprised of 3 domains (a
TPR domain, CS (Chord-containing proteins and Sgtl) domain, and VR (Variable Region)
domain) and although it contains a TRP domain it is interacts with Hsp90 through the CS domain
(Willhoft et al., 2017). Sgtl has been linked to folding and degradation pathways and is known
to be important for immune response (Azevedo et al., 2006; Mayor et al., 2007; Willhoft et al.,
2017). The reason for the negative growth defects of the sgf/-K360F mutant and the
exacerbation effect of the overexpression of other co-chaperones in this mutant background is
unknown, however, it can be used to show the consequences of alteration of Aha-type co-
chaperone levels in vivo. We overexpressed Hchlp, Hchlp®!!, Ahal, or Ahalp?!! in yeast
expressing the K360E mutant of Sgtlp and analyzed changes in growth. Overexpression of both
wildtype Hchlp and Ahalp resulted in growth defects of Sgt1pX30E
(Figure 3.9 A) (Johnson, J. L. et al., 2014). Interestingly, neither Hch1p!'! nor Ahalp?!! affected

as previously described

the growth (Figure 3.9 A). Ahal and Ahalp®!! were expressed to a similar levels (Figure 3.9 B).
Hchlp appears to be expressed to a much lower level compared to Hch1p?!! (Figure 3.9 B). This
could be due to the severe growth impairment that results from the overexpression of Hchlp but

not Hch1p?'!.
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Figure 3.9 The NxXNNWHW motif is required for Hch1p and Ahalp-mediated growth
impairment of yeast expressing Sgt1pX36'E,
A. Overexpression of Hchlp or Ahalp, but not Hch1p!! or Ahalp 2!!, confers slow growth to

K360E mutant. Yeast expressing wildtype Sgtlp or Sgt1p***°F and

yeast expressing the Sgtlp
harbouring expression plasmids encoding the indicated myc-tagged co-chaperones were grown
overnight at 30°C in YPD supplemented with Hygromycin (300 mg/L) and then diluted to 1 %
10® cells per milliliter. We prepared 10-fold serial dilutions and spotted 10 pL aliquots on YPD
agar plates supplemented with Hygromycin (300 mg/L). Plates were incubated for 2 days at
30°C. B. Western blot of total lysates from the yeast strains shown in (A) probed with anti-
Hsp90, anti-actin, and anti-myc antibodies. Representative results of three independent

experiments are shown.
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A recent screen for temperature sensitive Hsc82p mutants revealed several mutants that
are affected by altering the expression level of co-chaperones (Jill Johnson, University of Idaho).

Yeast expressing Hsc82pS2F

as the sole source of Hsp90 exhibit temperature sensitive growth
that is worsened by the deletion of AHA (Figure 3.10 A). This mutant allows for a more direct
approach to determining Ahalp function in relation to Hsp90. Overexpression of Ahalp rescued
growth in this strain at elevated temperatures, however, the overexpression of Ahalp?!! did not
(Figure 3.10 B). We determined that both wildtype and N-terminal truncated versions of Ahalp
were expressed to comparable levels and were soluble in this strain (Figure 3.10 C). This

suggests that the NxXNNWHW motif is required for the in vivo function of Ahalp.

To determine the role that the NxXNNWHW motif plays in the ability of Ahalp to support
the interaction and activation of Hsp90 client proteins, we looked at activation of the Hsp90
dependent client v-Src. The activity of v-Src can be measured by assessing phosphotyrosine
levels, with impairments in Hsp90 or components of the Hsp90 system reducing tyrosine
phosphorylation (Xu, Y. and Lindquist, 1993; Lotz et al., 2003). We expressed galactose-
inducible v-Src in a yeast strain expressing Hsc82p52°F as the sole source of Hsp90 with AHAI
deleted and a control, Ahalp or Ahalp®!'! overexpression plasmid. The overexpression of Ahalp,
but not Ahalp?!!, showed an increase in the level of v-Src activity over the control (Figure 3.11).
This suggests that the NxXNNWHW motif is important for Ahalp to support Hsp90 activation of

client proteins.
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Figure 3.10 The NxXNNWHW motif is required for Ahalp-mediated rescue of yeast
expressing Hsc82pS2F,

S25p

A. Yeast expressing Hsc82p>~" as the sole source of Hsp90 in the cell exhibit temperature

S25P exacerbates the

sensitive growth. The deletion of AHA ! in yeast expressing Hsc82p
temperature sensitive growth defect. B. Overexpression of Ahalp, but not Ahalp®!!, rescues the
growth of yeast expressing Hsc82p5?°F. Yeast expressing Hsc82p52°F, in an AHAI deletion
background, and harbouring expression plasmids encoding the indicated co-chaperones were
grown overnight at 30°C in YPD supplemented with Hygromycin (300 mg/L) and then diluted to
1x10%cells per milliliter. We prepared 10-fold serial dilutions and spotted 10 pL aliquots on YPD
plates supplemented with Hygromycin (300 mg/L). Plates were incubated for 2 days at the
indicated temperatures. C. Western blot of total lysates and soluble protein extracts from yeast

strains shown in (B) were probed with anti-Hsp90, anti-actin, and anti-myc antibodies.

Representative results of three independent experiments are shown.
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Figure 3.11 Overexpression of Ahalp but not Ahalp!!' enhances v-Src activation in yeast
expressing Hsc82pS25P,

Western blot of total protein fraction of yeast expressing Hsc82p52°" in an AHA deletion
background, harbouring expression plasmids encoding the indicated myc-tagged co-chaperones,
and a galactose inducible v-Src expression plasmid. Cells were grown overnight at 30°C in SC-
Ura containing 2% raffinose, supplemented with Hygromycin (300 mg/L). Cells were diluted to
an ODegoo of 0.5 and grown for an additional 6 hours in SC-Ura containing either 2% glucose or
galactose, supplemented with Hygromycin (300 mg/L). Yeast strains were probed with anti-
Hsp90, anti-myc, anti-v-Src, anti-phosphotyrosine, and anti-actin antibodies. Representative

results of three independent experiments are shown.
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3.2.4 The S25P mutation impairs ATPase stimulation by Ahalp

The ATPase activity of the S25P mutant has not been tested and we wondered if this mutation
conferred an ATPase defect to Hsp82p. We expressed and purified Hsp82p3*F for analysis in our

$25 was comparable to that of Hsp82p,

ATPase assays. The intrinsic ATPase activity of Hsp82p
displaying a small, but statistically significant, increase in intrinsic ATPase activity (Figure 3.12
A). As Ahalp but not Ahalp?!! was able to rescue the S25P mutant we wondered if this was due
to an effect on ATPase stimulation. We tested Ahalp and Ahalp®!'! in ATPase assays with
wildtype Hsp82p and Hsp82pS2°F. Both Ahalp and Ahalp®!'!-mediated ATPase stimulation were
impaired with the S25P mutant compared to wildtype Hsp82p (Figure 3.12 B). While stimulation
of wildtype Hsp82p was reduced ~2 fold with Ahalp®!! compared to Ahalp, the difference in

Hsp82pS2°® stimulation between Ahalp and Ahalp®!! was ~6 fold.
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Figure 3.12 Ahalp-mediated ATPase stimulation of Hsp82p3?°? is dependent on the
NxNNWHW motif.

A. The intrinsic ATPase activity of Hsp82p5*°" is comparable to that of wildtype Hsp82p (n=6).
B. Stimulation of Hsp82p by Ahalp (black circles), Hsp82p5°*" by Ahalp (blue squares),
Hsp82p by Ahalp®!! (green triangles), or Hsp82p52°F by Ahalp®!! (purple diamonds). Reactions

contained 1 pM Hsp82p or Hsp82p5**F and indicated concentrations of co-chaperone (n=3).
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3.2.5 Deletion of NxNNWHW motif increase the apparent affinity for ATP of Hsp90

To further explore the underlying mechanism of the different stimulated ATPase rates we
observed between the wildtype and NxXNNWHW mutant co-chaperones, we measured ATP
hydrolysis at different concentrations of ATP. We carried out ATPase assays with Hsp82p on its
own, or during stimulation by Ahalp or Hchlp, with and without the N-terminal motif. We used
varying concentrations of ATP (12.5, 25, 50, 100, 200, 400, 800, or 1600 uM) to determine the
apparent K,, for ATP of Hsp90. Consistent with previous studies, we observed no change in the
apparent K, for ATP in Ahalp-stimulated reactions when compared to Hsp90 alone (Figure
3.13) (Panaretou et al., 2002). Alternatively, Hch1p-stimulated reactions showed a large increase
in K, for ATP (~3.5 fold) suggesting this co-chaperone reduces the affinity for nucleotide
(Figure 3.13). The curve fits had R? values of greater than 0.95 (>0.9 for Hsp82p alone)
providing confidence in the K, values that we calculated. Deletion of the NxXNNWHW motif in
either Ahalp or Hchlp resulted in a significant decrease in K, relative to their full-length
counterparts (Figure 3.13).
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Figure 3.13 The NxXNNWHW motif in Ahalp and Hchlp modulates the apparent Km for
ATP of Hsp90.

A. Kinetic analysis was carried out for Hsp82p alone or in the presence of Ahalp, Ahalp®!!,
Hchlp, or Hchlp®!!. ATPase reactions were carried out with increasing concentrations of ATP
(12.5, 25, 50, 100, 200, 400, 800, 1600 uM) and ATPase rates were analyzed with the Michaelis-
Menten non-linear regression function in GraphPad Prism. The curve fits all had R? values
greater than 0.95 (>0.9 for Hsp82p alone). The apparent K, values for three experiments are
shown in the scatter plots. Reactions contained 2 uM Hsp82p with 20 uM Ahalp or Ahalp?!'! or
4 uM Hsp82p with 40 uM Hch1p or Hch1p”!! B. The apparent K., for ATP of conditions shown
in (A). Statistical significance was calculated pair-wise with a t-test (n=3; n=4 for Hsp82 alone).

*p-value < 0.05
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3.2.6 Role of the NxXNNWHW motif in co-chaperone switching

The progression of the Hsp90 cycle involves specific conformational transitions that can be
regulated by co-chaperones (Li, J. et al., 2011; Prodromou, 2012). Several distinct Hsp90 client-
co-chaperone complexes are sequentially formed during the client activation process (Li, J. et al.,
2011; Hessling et al., 2009; Li, J. et al., 2013). One of the first complexes consists of Stilp and
Hsp90 (Richter et al., 2003; Hessling et al., 2009). Stilp is a potent inhibitor of the ATPase
activity of Hsp90 and must be displaced in order for cycle progression to occur (Prodromou et
al., 1999; Li, J. et al., 2011). While Stilp inhibits Ahalp binding to Hsp90, it was recently
revealed that Cpr6p in concert with Ahalp or Sbalp can efficiently displace Stilp from Hsp90 to
allow cycle advancement (Lee, C. et al., 2012; Wolmarans et al., 2016; Li, J. and Buchner,
2013). The mechanism behind this ‘co-chaperone switching’ is not fully understood. While Stilp
and Cpr6p bind to the C-terminus of Hsp90, the interaction of Sbalp or Ahalp with the N-
terminus of Hsp90 is sufficient to displace Stilp (Wolmarans et al., 2016). As the NxXNNWHW
motif is predicted to extend towards the N-terminus of the Hsp90 we wondered if it is required
for ‘co-chaperone switching’. To test this, we reconstituted ATPase cycling reactions in vitro.
Consistent with previous results, Stilp was unable to inhibit Ahalp stimulation of Hsp90
ATPase activity in the presence of Cpr6p (Figure 3.14) (Wolmarans et al., 2016). Interestingly,
Ahalp®!! was also able to stimulate Hsp90 ATPase activity in the presence of Stilp and Crp6p
(Figure 3.14). This suggests that the NxXNNWHW motif is not required for co-chaperone

switching in vitro.

The co-chaperone Sbalp is also known to inhibit the ATPase activity of Hsp90
(Panaretou et al., 2002). In contrast to Stilp which inhibits the ATPase activity by restricting
Hsp90 in an open conformation, Sbalp inhibits the ATPase activity of Hsp90 by binding to the
closed conformation (Ali et al., 2006; McLaughlin et al., 2006). As such, Sbalp inhibition can be
used as a sensor for the Hsp90 closed conformation (Retzlaff et al., 2010; Richter et al., 2004).
To analyze the effect of the NxXNNWHW motif of Ahalp on the conformational state of Hsp90,
we titrated Sbalp into Ahalp or Ahalp®!! stimulated reactions. Despite Ahalp®!! having a
higher apparent affinity for Hsp82p than Ahalp (0.44 +/- 0.03 uM compared to 1.24 +/- 0.06
uM; *p-value 0.0035), Sbal had a significantly higher apparent affinity for Hsp82p that was
stimulated by Ahalp 2!! compared to Ahal (1.15 +/- 0.02 uM compared to 6.21 +/- 1.38 uM; *p-
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value 0.0235) (Figure 3.15). This suggests that in the presence of Ahalp?!!, Hsp90 is in an N-

terminally dimerized conformation that is more readily recognized by Sbalp.
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Figure 3.14 The NxXNNWHW motif is not required for co-chaperone switching in vitro.
Stimulation of Hsp82p ATPase activity by increasing concentration of Ahalp (black circles) and
Ahalp®!! (blue squares). Reactions contained 1 uM Hsp82p, 4 uM Stilp, and 4 uM Cpr6p and

indicated concentrations of Ahalp or Ahalp?!! (n=3).
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Figure 3.15 Sbalp inhibition of Ahalp- and Ahalp*"-mediated Hsp82p stimulation.

Inhibition of stimulated Hsp82p with Ahalp (black circles) or Ahalp®!! (blue squares) by

increasing concentrations of Sbalp. Reactions contained 1 uM Hsp82p, 5 uM of Ahalp or
Ahalp®!! and indicated concentrations of Sbalp (n=4).
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3.2.7 The Nx\XNNWHW motif does not influence lid closure after ATP binding

ATP-hydrolysis by Hsp90 is rate-limited by conformational change (Graf et al., 2009; Hessling
et al., 2009). Local conformational changes are kinetically linked and have been shown to be
cooperative (Schulze et al., 2016). Briefly, ATP binding drives closure of the ATP lid, N-
terminal strand exchange between the two protomers of N-terminally dimerized Hsp90, and N-
terminal and middle domain association (Figure 3.16 A). The addition of Ahalp was previously
demonstrated to mobilize lid closure and accelerate the other associated conformational events
(Schulze et al., 2016). The location of the NxXNNWHW motif and our observed alteration of K,
when this motif is deleted support the idea that this conserved motif influences the N-terminal
ATP-binding domain of Hsp90. To explore the mechanistic basis for reduced ATPase
stimulation of Hsp90 by Ahalp®!! and the associated reduction of K, of ATP we collaborated
with the Neuweiler lab (University of Wiirzburg, Germany) who determined the rate constants of
Hsp90 lid closure using photoinduced electron transfer (PET) fluorescence quenching (Figure
3.16 B) (Schulze et al., 2016). In Michaelis-Menton kinetics, a reduction of K, can originate
from a reduction of rate constant of ATP hydrolysis or from modulation of ATP binding (i.e.
from a reduced rate constant of ATP dissociation or increased rate constant of ATP association),
or both (Atkins and Nimmo, 1980; Schnell, 2014). We hypothesized that the deletion of the
NxNNWHW motif would likely affect kinetics of conformational change (i.e. would slow lid
closure and therefore reduce the rate constant of ATP hydrolysis by Hsp90). In agreement with
previous findings the time constant of lid closure of yeast Hsp90 was t=320+100 s (Figure 3.17
A) (Schulze et al., 2016). Surprisingly, we found that lid closure was accelerated to the same
degree by Ahalp and Ahalp!! (t = 14+2 s and t = 1542 s, respectively) (Figure 3.17 B). This

All

shows that the decrease in ATPase stimulation by Ahalp®'" is not due to a defect in the

acquisition of the catalytically-competent state of Hsp90. We also tested Hch1p and Hch1p?!!
and found, again, that time constants of lid closure were within error (t = 10513 s and T =
120+16 s, respectively) (Figure 3.17 C). Interestingly, different fluorescence intensities of the
label positioned on the N-terminal domain were observed between the Aha-type co-chaperones
with and without the NxXNNWHW motif, which shows that there is an interaction of the

NXxNNWHW motif with the N-terminal domain (Figure 3.17 B-C).
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Figure 3.16 Conformational dynamics associated with Hsp90 ATP binding.

A. ATP binding drives ATP lid closure, N-terminal strand exchange and N-terminal
dimerization, and N-terminal and middle domain contact. B. PET-reporter construct S51C-
AT110W used to probe kinetics of Hsp90 lid dynamics. Mutations were engineered to introduce a
cysteine (C) residue for attachment of a fluorophore (AttoOxal 1) and a tryptophan (W) residue

to measure fluorescence quenching.
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Figure 3.17 Kinetics of lid closure of Hsp90 and its modulation by Aha-type co-chaperones.
A. Time course of PET fluorescence quenching of fluorescently modified Hsp90 mutant S51C-
A110W (cyan). The non-hydrolyzable ATP analogue AMP-PNP, which traps Hsp90 in the
closed-clamp conformation, was added at time t=0. The black line is a fit to a bi-exponential
decay function. B. Same experiment as shown in (A) but Ahalp (blue) or Ahalp?!! (red) was
added 300 seconds prior to addition of AMP-PNP. Black lines are fits to exponential decay
functions. C. Same experiment as shown in (A) but Hch1p (blue) or Hch1p®!! (red) was added
300 seconds prior to addition of AMP-PNP. Black lines are fits to exponential decay functions.
Data sets of Ahalp®''and of Hch1p®!! are offset along the x-axis for reasons of clarity.
Experiments were conducted by Jonathan Schubert from Dr. Hannes Neuweiler’s Lab

(University of Wiirzburg, Germany).
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3.3 Summary

Ahalp and Hchlp are important regulators of Hsp90 activity (Armstrong et al., 2012; Horvat et
al., 2014; Meyer et al., 2004; Nathan et al., 1999; Panaretou et al., 2002). While the residues
involved in the binding of Ahalp and Hchlp to Hsp90 are relatively conserved, the most highly
conserved segment is the NxXNNWHW motif found within the first 11 amino acids (Figure 3.1)
(Meyer et al., 2004). In Chapter 3, we reveal the importance of this motif for both Hsp90 ATPase
stimulation and in vivo activity of Ahalp and Hchlp. In the co-crystal structure between the
Ahalp N-terminal domain and the middle domain of Hsp90 the NxXNNWHW motif is unresolved
(Meyer et al., 2004). However, inferences from the location and orientation of these domains
within the resolved structure of full-length Hsp90, suggest that the N-terminal segment is likely
extended towards the N-terminal Hsp90 ATPase domains (Figure 3.2) (Ali et al., 2006; Koulov
et al., 2010; Retzlaff et al., 2010).

Employing the temperature sensitive mutants Hsp82p®**!¥ and Hsc82p5*°F, we were able
to show that the NxXNNWHW motif is required for the in vivo function of both Hchlp and
Ahalp, respectively (Figure 3.7 and Figure 3.10). Importantly, rescue of Hsc82p52°" function by
Ahalp, but not Ahalp®!!, was reflected in the chaperoning of the Hsp90 client v-Src (Figure
3.11). Our initial investigation into the role of the NxXNNWHW in Hsp90 ATPase stimulation
confirmed previous reports that it was not necessary for stimulation (Figure 3.3) (Meyer et al.,
2004). Upon further investigation, however, we revealed that the presence of N-terminal 6xHis-
tags for purification of proteins plays a role in masking the function of these proteins (Figure
3.6). By moving the purification tags from the N- to the C-terminus we show that the
NxNNWHW motif is indeed required for both Ahalp and Hchlp stimulation of Hsp90 (Figure
3.4).

The Hsp90 ATP hydrolysis cycle involves several intra- and inter-subunit rearrangements
for the activation of client proteins. Restructuring of the ATP lid is thought to initiate this
process (Richter et al., 2006). In the absence of nucleotide, the ATP lid is in an open position and
the binding of ATP results in rapid remodelling and slow closure (Schulze et al., 2016). Closure
of the lid over bound ATP is accompanied by remodeling of the N-terminal segments, N-terminal
dimerization, and stabilization of the catalytic loop in its open and active state (Li, J. et al., 2013;

Schulze et al., 2016; Hessling et al., 2009). The conformational changes that occur after ATP
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binding comprise the rate limiting step(s) of the ATPase cycle (Weikl et al., 2000; Graf et al.,
2009; Hessling et al., 2009). Ahalp is known to activate Hsp90 ATPase activity by accelerating
these steps (Hessling et al., 2009; Li, J. et al., 2013; Richter et al., 2006; Richter et al., 2001;
Schulze et al., 2016). In turn, after ATP hydrolysis occurs, these events must be reversed to
allow the release of ADP and inorganic phosphate so that a new cycle of ATP binding and
hydrolysis can be initiated (Figure 3.18).

The order and events associated with each of the steps involved in ATP hydrolysis and
release are not well understood, especially in the context of co-chaperone proteins. Deletion of
the NxXNNWHW motif results in a clear defect in the function of Aha-type co-chaperones.
Interestingly, the deletion of the NxXNNWHW motif did not impair Hsp90 ATPase stimulation by
the Ahalp N-terminal domain on its own (Figure 3.5). This suggests that the NxXNNWHW motif
is not required for remodeling of the catalytic loop and appears to be dependent on the C-
terminal domain of Ahalp. The C-terminal domain of Ahalp is required for full stimulation of
Hsp90 ATPase activity as it supports the acquisition of the Hsp90 N-terminally dimerized state
(Wolmarans et al., 2016). Ahalp has been shown to efficiently displace Stilp from Hsp90 in
concert with Cpr6p, to allow Hsp90 to proceed to a closed conformation (Li, J. et al., 2013). We
show that the NxXNNWHW motif is not required for this function of Ahalp (Figure 3.14). Sbalp
is known to stabilize the N-terminally dimerized state of Hsp90, slowing ADP release after
hydrolysis has occurred (Graf et al., 2014). We show that Sbalp bound with a higher apparent
affinity to Hsp90 in complex with Ahalp®!! compared to Ahalp (Figure 3.15). While we
acknowledge that the NxXNNWHW could be simply acting as a steric barrier to Sbalp binding,

All

we were unable to identify a defect in the ability of Ahalp " mutant to promote the catalytically

active N-terminally dimerized state. We specifically monitored conformational changes in lid

closure, and reveal that Ahalp and Ahalp®!!

showed identical rate of lid mobilization (Figure
3.17). We also observed an increase in apparent affinity for nucleotide in ATPase assays with
both Ahalp®!! and Hchl1p?!'!, compared to their wildtype counterparts (Figure 3.13). Together,
these findings suggest that the NxXNNWHW motif is not involved in the acquisition of the closed
N-terminally dimerized, catalytically active, state of Hsp90 (Figure 3.18- Step 1). We propose
that the impairment in ATPase stimulation by the NxXNNWHW mutants (Step 2), is due to
changes in ADP release after hydrolysis has occurred (Step3) and therefore resetting of the

Hsp90 cycle (Figure 3.18).
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Figure 3.18 Simplified schematic of the Hsp90 ATPase cycle.
1. ATP binding is accompanied by several conformational rearrangements that must occur for

Hsp90 to attain its catalytic state. 2. ATP hydrolysis occurs. 3. Conformational changes are

reversed for the release of ADP and another round of ATP binding and hydrolysis to by initiated.
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Deletion of the NxXNNWHW motif affects Ahalp and Hchlp in a similar manner despite
the different roles these co-chaperones play in regulating Hsp90 biology in yeast (Armstrong et
al., 2012; Horvat et al., 2014). While the role of Ahalp in eliciting a partially closed lid
conformation should make ATP-trapping more efficient and thus lower the K,, for ATP, we
confirm previous reports that the addition of Ahalp does not change apparent K, (Figure 3.13)
(Panaretou et al., 2002). Alternatively, Hchlp has a marked effect on the apparent affinity for
ATP (Figure 3.13). It is interesting that despite these difference, the deletion of the N-terminal
motif resulted in a decrease in the apparent K,,, which means an increase in nucleotide affinity,
for Ahalp®!! and Hch1p 2! compared to their wildtype counterparts (Figure 3.13). For Ahalp
the NxXNNWHW appears to act cooperatively with the C-terminal domain, as it is not necessary
for stimulation by the Ahalp N-terminus alone (Figure 3.5). For Hchlp the pronounced effect on
the apparent K, of Hsp90 for ATP may explain the ability of Hchlp, but not Ahalp, to confer
sensitivity to Hsp90 inhibitors (Armstrong et al., 2012). If Hchlp in part promotes ATPase
activity through nucleotide exchange, as suggested by the increased K, this may allow more
access of Hsp90 inhibitors to the ATP-binding pocket and therefore the ablated ability of
Hchl1p®!! to sensitize yeast to Hsp90 inhibitors (Figure 3.8).

We show that the NxXNNWHW motif is essential for the in vivo activity of Hchlp and
Ahalp, while only affecting nucleotide exchange in vitro. The deletion of the NxXNNWHW motif
does not affect the ability of Ahalp®!! and Hchlp#!! to promote the acquisition of the
catalytically active state but eliminates their biological activity. This suggests that nucleotide
exchange (or release) is a critical function of these co-chaperones. Future work focusing on the
elements of the functional cycle, such as ATP hydrolysis and nucleotide exchange dynamics,

may reveal important insights into how Hsp90 client activation is regulated.
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Chapter 4 Characterization of the role of the RKxK motif in Aha-type co-chaperone

function
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4.1 Introduction/Rationale

The conformational dynamics of Hsp90 are currently best described in terms of ATP binding and
hydrolysis. In the apo state Hsp90 is found in an open conformation, dimerized only at the C-
terminus. ATP binding in the N-terminal binding pocket leads to ATP lid closure, N-terminal
dimerization, and further structural rearrangements that result in the association of the N-terminal
and middle domains. Upon ATP hydrolysis dissociation of the N-terminal domains and release of
ADP and inorganic phosphate occurs. Along with achieving the closed state, repositioning of the
catalytic loop (residues 370-390) in the middle domain has been shown to be critical for ATP
hydrolysis (Cunningham et al., 2008; Meyer et al., 2003). Specifically, Arg 380 has been
suggested to interact with the y-phosphate of Hsp90 bound ATP, acting as an ATP sensor and
stabilizing the connection between the N-terminal and middle domains (Meyer et al., 2003).
Interestingly, new data suggests that Arg 380 does not directly participate in ATP hydrolysis and
instead indirectly supports ATPase activity of Hsp90 by stabilizing the closed conformation
(Cunningham et al., 2012). This fits within the models that suggest that Hsp90 conformational
changes are not coupled to ATP hydrolysis, but that conformational dynamics are rate-limiting

for Hsp90 activity (Schopf et al., 2017; Zierer et al., 2016; Schmid, S. et al., 2018).

The RKxK motif (residues 59-62), found at the tip of a flexible loop in the Ahal N-
terminal domain, is conserved across Aha-type co-chaperones (Figure 3.1). Structural studies
reveal that these residues are pointed towards the catalytic loop of Hsp90 (residues 370-390), in
close proximity to the conserved NxXNNWHW motif discussed in Chapter 3 (Figure 4.1).
Mutating any of the RKxK residues in the isolated N-terminus of Ahal (Ahalp") results in a
decrease in stimulation of the ATPase activity of Hsp90 (Meyer et al., 2004). Consistent with
this, mutating residues of the RKxK motif in Hchlp results in a decrease in Hsp90 ATPase
stimulation (Horvat et al., 2014). Interestingly, only mutation of Lys 60, of the Hch1p RKxK
motif, results in impaired in vivo function. The different in vivo and in vitro requirements of
Hchlp for this motif, suggests that the biological function of Hchlp is not explicitly linked to
stimulation of the ATPase activity of Hsp90 (Horvat et al., 2014). The role of the RKxK motif in
full length Ahalp has not been explored. Previously demonstrated differences between Hchlp
and Ahalp led us to hypothesize that the RKxK motif is important for both the in vivo and in

vitro function of Ahalp.
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Figure 4.1 Crystal structure of the predicted position of the RKxK motif.

A. Crystal structure of full length, closed Hsp90 dimer (N-terminal domains- blue, middle
domains- purple, C-terminal domains- green, ATP- red) (2CG9 (Ali et al., 2006)) with the V-
terminal domain of Ahalp (grey) (1USV (Meyer et al., 2004)) superimposed. The RKxK motif is
highlighted as cyan sticks. Trpl1 and Vall2 (red sticks) indicate where the N-terminal
NxNNWHW motif would be present (it is unstructured in 1USV). B. A model of the complex
between the middle domain of Hsp90 (purple) and the N-terminal domain of Ahalp (grey)
shown in (A) (1USV (Meyer et al., 2004)).
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4.2 Results
4.2.1 Lys 60 of the RKxK motif is required for optimal Ahalp-mediated ATPase stimulation

Initial work on the RKxK motif has shown that these residues are important for Hsp90 ATPase
stimulation by Ahalp™ (Meyer et al., 2004). Mutating any of these residues to an alanine
(AhalpNRY%A AhalpNK6A or AhalpN®62A) results in impaired Hsp90 ATPase stimulation
(Meyer et al., 2004). Similarly, work from our lab has shown that mutating any of these residues
to an alanine in Hch1p (Hch1p®°A, Hch1p®%®A, and Hch1p®?4) also results in reduced
stimulation of Hsp90 ATPase activity (Horvat et al., 2014). In Chapter 3, we demonstrate that
the NxXNNWHW motif is important for Hsp90 ATPase stimulation by full-length Ahalp, but not
Ahalp™. To test the importance of the RKxK motif in full-length Ahalp-mediated Hsp90
stimulation, we generated mutants encoding alanine mutations for each of the RKxK residues
(Ahalp®A, Ahalp®®4 and Ahalp®®?*). Surprisingly, unlike mutations in Hchlp, only
Ahalp®%%A was impaired in its ability to stimulate Hsp90 ATPase activity (Figure 4.2). We re-
examined Hsp90 ATPase stimulation by the Hch1p harbouring mutations in the RKxK motif
using C-terminally tagged co-chaperones. Consistent with the N-terminally tagged co-chaperones
(Horvat et al., 2014), all Hch1p RKxK mutants were impaired in their ability to stimulate Hsp90
ATPase activity (Figure 4.3). These results demonstrate that Lys 60 is specifically important for
Ahalp-mediated stimulation of Hsp90.
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Figure 4.2 Ahalp requires only Lys 60 of the RKxK motif for optimal stimulation of Hsp90
ATPase activity.

Stimulation of Hsp82p by Ahalp (black circles), Ahalp?** (blue diamonds), Ahalp®®** (purple
squares), and AhalpX? (green triangles). Reactions contained 1 uM Hsp82p and indicated

concentrations of co-chaperone (n=3).
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Figure 4.3 Hchlp requires the RKxK motif for optimal stimulation of Hsp90 ATPase

activity.

20 30

Stimulation of Hsp82p by Hchlp (black circles), Hch1p®** (blue diamonds), Hch1p®®4 (purple

squares), and Hch1pX®?* (green triangles). Reactions contained 4 uM Hsp82p and indicated

concentrations of co-chaperone (n=3). The ATPase rate is shown as fold stimulation of the

intrinsic Hsp82p rate.
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4.2.2 Ahalp employs Lys 60 of the RKxK motif to rescue the in vivo activity of Hsc82p5*°F

As highlighted in Chapter 3, the Hsc82p52°" mutant provides a means of interrogating Ahalp
function in cells. Our lab has previously shown that yeast expressing the temperature sensitive

E38IK "as the sole source of Hsp90, are rescued by the overexpression of Hchlp,

mutant Hsp82p
Hch1p®¥* and Hch1p®®?A, but not Hch1p®®®A (Horvat et al., 2014). This is striking because
mutation of any of these residues results in impaired Hsp90 ATPase stimulation (Figure 4.3)
(Horvat et al., 2014). To test the importance of the RKxK motif in full-length Ahalp-mediated

S25P for which

Hsp90 stimulation, we employed the temperature sensitive mutant, Hsc82p
impairments by the deletion of AHAI can be rescued by the overexpression of Ahalp (Figure
3.10). We looked at the ability of Ahalp, Ahalp®*®* AhalpX®** and Ahalp®®?A to rescue yeast
that expressed Hsc82p5*°F and had AHAI deleted. Similar to Hchlp, mutating Lys 60
(Ahalp®%4) resulted in a decreased ability to rescue the temperature sensitive growth phenotype,
whereas the overexpression of Ahalp, Ahalp®*°* and Ahalp®®?* rescued the growth of

Hsc82pS2°? (Figure 4.4). Co-chaperones expressed in yeast cells have a C-terminal myc-tag and

we confirmed expression levels by western blot (Figure 4.4).
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Figure 4.4 Ahalp employs Lys 60 of the RKxK motif to rescue Hsc82p5?3? function in vivo.
A. Overexpression of Ahalp, AhalpR**, and Ahalp®®**, but not Ahalp®®4, can rescue the
growth of yeast expressing Hsc82p5?°F. Cells were grown overnight at 30°C in YPD
supplemented with Hygromycin (300 mg/L). 10-fold serial dilutions were prepared and 10 pL
aliquots were spotted on YPD + Hygromycin (300 mg/L) plates. Plates were grown for 2 days at
the indicated temperatures. B. Western analysis of yeast shown in (A) with anti-Hsp90, anti-myc,

and anti-actin antibodies. Representative results of three independent experiments are shown.
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4.2.3 Analysis of Hsp82p®*F co-chaperone-mediated ATPase stimulation

While Hchlp is able to rescue Hsp82p=*8!K, the overexpression of Ahalp and Ahalp™ are not
(Horvat et al., 2014). Interestingly, Ahalp and Ahalp™-mediated Hsp90 ATPase stimulation is
impaired by the E381K mutation but stimulation by Hch1p is not (Horvat et al., 2014). This
supports the hypothesis that, as the overexpression of either Ahalp or Hchlp rescues the poor
growth phenotype of Hsc82p52°", Hsp90 ATPase stimulation by either co-chaperone would be
unaffected by the S25P mutation. While we show that Ahalp mediated stimulation of
Hsp82pS2°F is impaired (Figure 3.12), Hchlp-mediated ATPase stimulation of Hsp82p52°F is
unaffected (Figure 4.5).

To determine the role that the RKxK motif plays, we tested the ability of the three Ahalp
mutants (Ahalp®>®A, Ahalp®¢°A and Ahalp¥®?4) to stimulate the ATPase activity of Hsp82pS2°F.

Wildtype Ahalp, Ahalp®°A, and Ahalp®%?A were all able to stimulate Hsp82p52°® to a similar
degree (Figure 4.6). However, stimulation of Hsp82p5*°® by Ahalp®®** was impaired (Figure
4.6). Even though the magnitude of stimulation of Hsp82pS2°Y by Ahalp does not reach that

observed for wildtype Hsp82p, it seems that stimulation in general is important for the functional

rescue in vivo.
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Figure 4.5 Mutation of Ser 25 in Hsp90 does not affect ATPase stimulation by Hch1p.

Stimulation of the Hsp82p (black circles) or Hsp82p5?°? (blue diamonds) by increasing

S25P

concentrations of Hchlp. Reactions contained 4 uM Hsp82p or Hsp82p>~" and indicated

concentration of co-chaperone (n=3).
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Figure 4.6 Lys 60 of the RKxK motif is required for Ahalp stimulation of Hsp82p52°F.
Stimulation of Hsp82p5*F by Ahalp (black circles), Ahalp?** (blue diamonds), Ahalpk®04
(purple squares), and AhalpX®*” (green triangles). Reactions contained 1 pM Hsp82p>?°" and

indicated concentrations of co-chaperone (n=3).
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4.3 Summary

The kinetics and structural basis for Hsp90 ATPase stimulation are still under much debate. Here
we build on evidence that suggests a three-step model for ATPase stimulation by Ahalp
(Wolmarans et al., 2016). The first and second steps occur when the N-terminal domain of
Ahalp interacts with the middle domain of Hsp90, potentially driving a small increase in
ATPase activity through interaction with the catalytic loop. The third step results in
rearrangement of one or both of the Hsp90 N-terminal domains allowing for the participation of
the C-terminal domain of Ahalp and full Hsp90 ATPase stimulation. The findings outlined in
Chapter 4 help to define a role for the RKxK motif in Ahalp ATPase stimulation.

We confirmed previous reports that, similar to Ahalp", the RKxK motif of Hchlp is
required for Hsp90 ATPase stimulation (Figure 4.3) (Meyer et al., 2004; Horvat et al., 2014).
This suggests that mutation of these residues results in alterations in step 1 and/or 2, changing
co-chaperone interaction with the catalytic loop of Hsp90, resulting in a decrease in ATPase
activity. Surprisingly, Ahalp®>®* and Ahalp®%A were able to stimulate the ATPase activity of
Hsp90 to a similar level as Ahalp (Figure 4.2). This suggests that the C-terminal domain, present
in full length Ahalp but not AhalpV, is able to overcome the defects of mutations at either Arg
59 or Lys 62, allowing for rearrangement of the Hsp90 N-terminal domains, required for full
stimulation. This is not the case for mutation of Lys 60, which has decreased ATPase stimulation

(Figure 4.2).

We employed the temperature sensitive mutant, Hsc82p5*" to investigate the in vivo role
of the RKxK motif in Ahalp function. The ATPase stimulation of Hsp90 is directly reflected in
the ability of the Ahalp RKxK mutants to rescue growth defects of the temperature sensitive
mutant Hsc82p>*°F, as Ahalp, Ahalp®*®* and Ahal®®** are able to rescue growth defects but
Ahalp®®4 is not (Figure 4.4). Our lab previously employed the temperature sensitive mutant,
Hsp82p®3#!K to investigate the role of the RKxK motif in the in vivo function of Hch1p (Horvat
et al., 2014). While Hch1p, Hch1p®*®* and Hch1pX®?A rescue the growth of Hsp82p=381K,
Hch1pX®4 Ahalp, or Ahalp™ do not (Horvat et al., 2014). In addition, Hch1p-mediated

E381K was unaffected, whereas stimulation by Ahalp and Ahalp™ were

stimulation of Hsp82p
greatly reduced (Horvat et al., 2014). Our initial investigation into Hsp82p5*°*" showed that,

similar to the Hsp82p®3!8% Hch1p-mediated stimulation of Hsp8252°F was unaffected by this
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mutation and surprisingly stimulation by Ahalp was greatly reduced (Figure 4.5) (Horvat et al.,
2014). Further investigation revealed that although Ahalp, Ahalp®, and Ahalp®%?A show a
reduction in stimulation of Hsp82p52*" ATPase activity, Ahalp®®° is further reduced (Figure

4.6).

Together, these results suggest that impairments in Hsp90 ATPase stimulation by Ahalp
may reflect a defect in the biological function of Ahalp. While the defects seen when the RKxK
motif is mutated in Hch1p or Ahalp™ can be overcome in the case of RS9A and K62A when
present in full length Ahalp, the mechanism behind this is still unknown (Meyer et al., 2004;
Horvat et al., 2014). Lys 60 is thought to reside closest to Glu 372 and Asp 373 of the catalytic
loop, where the formation of ion-pair interactions would result in stabilization of the catalytic
loop in the active conformation (Meyer et al., 2004). In the apo state, Arg 380 has been shown to
interact with the middle domain resulting in stabilization of Hsp90 in an open conformation
(Cunningham et al., 2012; Southworth and Agard, 2011). Perhaps, while mutation of any of the
RKxK residues results in loss of stabilization of the catalytic loop in the active conformation,
mutation of Lys 60 actually supports the interaction of Arg 380 with the middle domain and
therefore the apo conformation of Hsp90. The close proximity of Arg 59 and Lys 62 to Lys 60
and the fact that our structural models are based on an ATPase inhibited conformation of

Hsp82p, means a deeper analysis is required.
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Chapter 5 Analysis of additional models and methods to further elucidate the function of

Aha-type co-chaperones
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5.1 Introduction/Rational

Ahalp was identified as a co-chaperone of Hsp90 based on a homology search of the previously
identified co-chaperone Hchlp (Nathan et al., 1999; Panaretou et al., 2002). Prior to
identification as a co-chaperone of Hsp90, Ahal was identified as a 38-kDa protein (p38) that
bound the cytoplasmic tail of vesicular stomatitis virus glycoprotein (VSVG) (Sevier and
Machamer, 2001). The name Ahal was adopted because ‘activation of Hsp90 ATPase’ is the
prominent role of Ahal. However, while ATPase activity is central to Hsp90 function, Ahal is
not essential and there are only limited reports outlining the effects of Ahal on well-known
Hsp90 clients (Panaretou et al., 2002; Lotz et al., 2003; Sun et al., 2012; Harst et al., 2005). One
of the relationships that best outlines the importance of Ahal in Hsp90 function has been shown
using the cystic fibrosis transmembrane conductance regulator (CFTR) and a cystic fibrosis
disease causative mutant, CFTR*F% (Wang, X. et al., 2006; Koulov et al., 2010). Upon
inhibition of Hsp90, maturation of nascent CFTR and therefore its export to the cell surface is
prevented (Loo et al., 1998). Interestingly, over-expression of Ahal results in the degradation of
CFTR and the mutant form CFTRAF%, Conversely, downregulation of Ahal results in
maturation and increased stabilization of CFTRA%  allowing for its export and activity at the

cell surface (Wang, X. et al., 2006).

The relationship between Ahal and Hsp90 is complex. We have used the model organism
S. cerevisiae to examine the role and differences between Ahalp and Hchlp in Hsp90 regulation
(Armstrong et al., 2012; Horvat et al., 2014). In addition, in vitro assays have allowed our lab to
further understand and define the mechanism of Ahal-mediated stimulation of Hsp90 ATPase
activity (Horvat et al., 2014; Armstrong et al., 2012; Wolmarans et al., 2016). Imbalances in the
Hsp90 machinery have been shown to contribute to the onset and progression of disease such as
neurodegenerative diseases and cancer (Shelton et al., 2017; Barrott and Haystead, 2013). Thus
while Hsp90 has long been a target of therapeutic intervention in disease treatment, a greater
understanding of co-chaperone regulation may provide important therapeutic alternatives. We
hypothesize that Ahal plays additional roles in Hsp90 regulation that have not been revealed. To
further our understanding of Ahal function and regulation, we investigated additional models

and phenotypes.
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5.2 Results

5.2.1 Expression levels of Hsp90 and co-chaperones are altered in melanoma

Mutations that drive cancer cell proliferation and metastasis often result in proteins becoming
heavily reliant and/or obligate clients of Hsp90. It is now appreciated that Hsp90 functions
within the context of co-chaperones proteins which may also contribute to the hallmarks of
cancer. The constitutive overexpression of Hsps in tumour cells is well reported (Calderwood
and Gong, 2016; Wu et al., 2017) The expression of co-chaperone proteins, including Ahal, has
been shown to vary across different cancer types (Uhlen et al., 2017; Holmes et al., 2008). In
melanoma, a frequently observed point mutation of BRAF (BRAF Y®%°F) results in its obligate
dependence on Hsp90 (Grbovic et al., 2006; Ascierto et al., 2012). Hsp90 has been identified as
a marker of melanoma progression and increased demand for Hsp90 in melanoma cells is well
established (McCarthy et al., 2008). We used melanoma as a model to examine changes in other
components of the Hsp90 system. Non-transformed immortalized melanocytes (MelanA) were
used as a control for the spontaneously occurring melanoma cell line (B16-F0) and its highly
metastatic derivative (B16-F10) (Fidler and Nicolson, 1976). We determined changes in protein
expression level by western blot (Figure 5.1). Total protein levels were quantified and
experiments were performed in replicate. Consistent with previous reports, Hsp90 expression
was increased in the transformed cell lines compared to the controls (Uhlen et al., 2017;
McCarthy et al., 2008). Ahalexpression levels were also increased in the melanoma cells
whereas, no change in the expression level of Cdc37 or p23 was observed and HOP exhibited a
shift in molecular weight (Figure 5.1). The shift in molecular weight suggests that HOP may be
heavily post-translationally modified in the transformed cells or that transformed cells may
express a different splice variant. Overall, the diversity in co-chaperone highlights the varied

roles that co-chaperones play in Hsp90 function.
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Figure 5.1 Components of the Hsp90 are altered in melanoma cell lines.
Western blot analysis of 20 pg of proteins from the indicated cell lines probed with anti-Hsp90,
anti-HOP, anti-AHA, anti-Cdc37, anti-p23 and anti-Tubulin antibodies. Tubulin was used as a

loading control. Images are representative of three replicative experiments.
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5.2.2 Post-translational modifications of the Hsp90 system

Post-translational modifications of Hsp90 have been demonstrated to play a key role in co-
chaperone recruitment, client activation, and sensitivity to Hsp90 inhibitors (Mollapour and
Neckers, 2012; Zuehlke et al., 2015). Co-chaperone proteins are also known to be post-
translationally modified although, the significance and mechanism of Hsp90 regulation is only
beginning to be understood (Shao et al., 2003; Dunn et al., 2015; Bansal et al., 2004). We looked
to assess the post-translational modification status of components of the Hsp90 system in
melanoma by resolving different post-translationally modified species using 2-dimensional gel
electrophoresis (2DGE). We were able to resolve species for Ahal and HOP but did not resolve
any Hsp90 species (Figure 5.2 A). Absence of Hsp90 species may have been due to the
immobilized pH gradient (IPG) strips used for the isoelectric focusing step, which were pH 4-7.
Non-modified Hsp90 has an approximate predicted isoelectric point (pl) of 4.8 (4.91 phosphosite
or 4.69 ExPASy) with phosphorylation causing an acidic shift requiring resolution close to pH 4
(Hornbeck et al., 2015; Gasteiger et al., 2005). Although we were able to resolve species of Ahal
(predicted pI of 5.41) and HOP (predicted pl 6.4), we also see increased proteins levels in the
transformed cells which limited the changes that could be attributed to modification status. To
achieve increased resolution, we isolated endogenous Ahal by immunoprecipitation (IP) using
beads coupled to anti-AHA1 antibodies and show five species of Ahal are present in MelanA
cells (Figure 5.2 B). To determine if the five species of Ahal identified were specific to
melanoma cells, we also looked at the different species present in human breast adenocarcinoma
MDA-MB-231 cells. We expressed both mouse and human Ahal and see a similar distribution
of species, suggesting that the five species identified are not specific to melanoma cells (Figure
5.2 C). Several sites along Ahal are known to be subject to post-translational modification
(Hornbeck et al., 2015). Treatment with lambda protein phosphatase resulted in a reduction in
the identified spots seen by 2DGE (Figure 5.2 D). This preliminary investigation indicated that
there are multiple species of phosphorylated Ahal found within the cell.
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Figure 5.2 2DGE reveals different phosphorylated species of Ahal.

A. 2DGE and western blot of lysate from the indicated cell lines. B. 2DGE and western blot of

Aha-IP from MelanA cells. C. 2DGE and western blot of myc-IP from indicated cell lines

transfected with Ahal from mouse (m) or human (h). D. 2DGE and western blot of myc-IP from

cells transfected with human Ahal-myc. The IP sample was either left untreated or treated with

lambda protein phosphatase as indicated.
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Phosphorylation and other post-translational modifications are suggested as a method for
co-chaperone recruitment to Hsp90, which is in vast excess of the co-chaperones (Sahasrabudhe
etal., 2017; Li, J. et al., 2013). We wanted to determine if specific post-translational
modifications, identified by 2DGE, may be responsible for Ahal recruitment to Hsp90. Mimetic
and non-modifiable Ahal mutants, of residues known to be post-translationally modified, were
made for expression in mammalian cell culture. We set out to investigate the interaction of the
variants with Hsp90 by co-IP. Variants which showed changes to levels of Hsp90 would be
further analyzed by 2DGE to determine if it represented a prominent species of Ahal found in
the cell. Upon expression of the Ahal variants only the N-terminal mutant form of Ahal (A27)
showed a decrease in Hsp90 binding, while the post-translational modification mutants did not
show changes in Hsp90 interaction (Figure 5.3 A). Interestingly, we were able to isolate the
glucocorticoid receptor (GR) in complex with Hsp90 and the Ahal phosphorylation mutants
(Figure 5.3 A). As we did not see changes in interaction of the post-translational modification
mutants with Hsp90 we did not proceed with further investigation by 2DGE. Future experiments
should investigate different IP conditions as salt concentration plays a large role in the Ahal-
Hsp90 interaction and therefore may reveal changes in interaction that we did not see (Panaretou
et al., 2002). Interestingly, phosphorylation of Tyr 223, and the phospho-mimetic mutant
(Y223E) were previously reported to promote the interaction of Ahal with Hsp90 (Dunn et al.,
2015). In our hands, Aha-Y223E showed very low expression levels making comparisons to
other mutants difficult however, it did seem to show an increased interaction with Hsp90 (Figure
5.3 B). We did not see an abrogation of the interaction of the Y223F mutant with Hsp90 as was
previously reported (Figure 5.3 B) (Dunn et al., 2015). There still remains much to be understood
about the conditions in which co-chaperones and Hsp90 interact and the role of post-translational

modifications.
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Figure 5.3 Hsp90 interaction with post-translational modification variants of Ahal.
A. and B. Ahal myc-tagged mutants (as indicated) were transfected into MDA-MB-231 cells.
After 48 hours cells were lysed and co-immunoprecipitations were performed. Western blot of IP

and input were probed with anti-Hsp90, anti-GR, and anti-myc antibodies.
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5.2.3 Ahal regulation of Hsp90 inhibitor sensitivity

In mammalian cells the knockdown of AHA1 was shown to result in increased sensitivity
to the Hsp90 inhibitor 17-AAG (Holmes et al., 2008). The deletion of Ahal in mice results in no
obvious developmental phenotype and the cells derived from these mice have only been shown
to have minor defects in the activation of some Hsp90 clients (Echeverria et al., 2011). We
wanted to determine if the deletion of Ahal also results in increased sensitivity to Hsp90
inhibitors, specifically NVP-AUY922 which we have used in our yeast assays. Using mouse
adult fibroblast (MAF) cells that have endogenous Ahsal gene deleted (Aha-/-) (received from
Picard Lab, University of Geneva) we tested inhibitor sensitivity. Both wildtype and Ahal-/-
cells were treated with varying concentrations of the Hsp90 inhibitor NVP-AUY 922 for 48 hours
before measuring cell viability using an MTT colourimetric assay. The Aha-/- MAFs show
increased sensitivity to Hsp90 inhibitors, which is consistent with previous AHA1 silencing
results (Figure 5.4) (Holmes et al 2008). Due to limited transfection efficiency of the MAFs, we
were unable to determine if expression of Ahal is able to provide a protective mechanism
against Hsp90 inhibitors. Our results suggest that modulation of Ahal might provide a

therapeutic strategy for increased sensitivity to Hsp90 inhibitors.
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Figure 5.4 Ahal-/- cells have increased sensitivity to Hsp90 inhibitors.
Wildtype (black circles) and Ahal-/- (blue squares) MAF cells were treated with the indicated
concentrations of NVP-AUY922 for 48 hours. Cell viability was measured using an MTT,

colorimetric assay (n=3).

103



5.2.4 IRF'3 phosphorylation is impaired in Aha-/- cells

Large scale interaction studies have been conducted to investigate the interaction between
Hsp90, co-chaperones, and client proteins (Taipale et al., 2012; Zhao and Houry, 2013; Taipale
et al., 2014; Rizzolo et al., 2017). Interestingly, one of these interactions studies revealed
interferon regulatory factor 3 (IRF3) as a strong binding partner of Ahal (Taipale et al., 2014).
IRF3 is a transcription factor involved in an arm of the innate immune response (Newton and
Dixit, 2012). When phosphorylated, IRF3 is translocated to the nucleus where it initiates the
transcription of interferons (Lin, R. et al., 1999). This response is important for the detection of
cell damage and chemical patterns associated with pathogens. Changes in Ahal expression have
been shown to result in alterations in the phosphorylation status of other Hsp90 clients (Holmes
et al., 2008). We wanted to determine if Ahal plays a role in the phosphorylation of IRF3 and
therefore, its activation and initiation of the innate immune response. We used
polyinosinic:polycytidylic acid (poly(I:C)), a dsSRNA mimic, to examine the activation
(phosphorylation status) of IRF3 when Ahal is absent from cells. We transfected wildtype and
Ahal-/- MAFs with poly(I:C) and examined IRF3 phosphorylation by western blot. IRF3
phosphorylation was reduced in Ahal-/- MAFs compared to wildtype controls (Figure 5.5). We
expanded these findings showing that silencing of Ahal in the human lung carcinoma cell line,
A549, also results in a decrease in IRF3 phosphorylation when induced with poly(I:C) (Figure
5.6).
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Figure 5.5 IRF3 phosphorylation is impaired in Ahal-/- cells stimulated with poly(I:C).
Wildtype (WT) and Ahal-/- MAF cells were transfected with 1 pg of poly(I:C) for the indicated
times. Changes in protein expression were analyzed by western blot with anti-IRF3?*¢_ anti-
IRF3, anti-Ahal, and anti-Hsp90 antibodies. Images are representative of three replicative

experiments.
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Figure 5.6 IRF3 phosphorylation is impaired when Ahal is silenced in cells stimulated with
poly(I:C).

A549 cells were transfected with siRNAs directed against directed against Ahsal or negative
control siRNA for 48 hours before treatment with 1 pg of poly(I:C) for the indicated times.
Changes in protein expression were analyzed by western blot with anti-IRF3*®_ anti-IRF3, anti-

Ahal, and anti-Hsp90 antibodies. Images are representative of three replicative experiments.
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5.2.5 Ahal plays a role in anti-viral signalling

As Ahal was originally identified as a protein that binds the cytoplasmic tail of VSVG, we
wanted to further our investigation into the role of Ahal in the immune response and look at
changes upon viral infection (Sevier and Machamer, 2001). In collaboration with the Hobman
Lab (University of Alberta) we compared the response of WT and Ahal-/- MAF cells to viral
infection. We show that Ahal-/- cells infected with West Nile virus (WNV) show more robust
viral genome replication compared to control cells at both 24 and 48 hours (Figure 5.7 A). We
corroborated this result in A549 cells, showing that IRF3 phosphorylation is impaired when
Ahal is silenced, although to a lesser extent (Figure 5.7 B). These experiments need to be
repeated, however, the same trend was seen when these experiments were conducted under

slightly different conditions providing support for our conclusions.

Hsp90 is required for the activation of other components of the innate immune response
including TBK1 (TANK-binding kinase) and IKKze (inhibitors of nuclear factor kappa-B),
upstream kinases of IRF3 (Yang, K. et al., 2006; Broemer et al., 2004). To address if these
upstream kinases are affected we probed for TBK1 and IKKz¢ using antibodies that recognize
total protein as well as specific phosphor-forms that indicate activation by western blot.
Unfortunately, investigation into these upstream kinases was unsuccessful with our current
antibodies and western blot protocol. Additional antibodies and/or methods will be required to
continue investigation of upstream factors. We received reporter constructs to look at the
downstream consequences of Ahal knockout and induction of the innate immune response and
will need to determine viable transfection methods to further this line of investigation. Overall,
this 1s an exciting new finding for Ahal and Hsp90 regulation in cells and provides an interesting

starting point for continued investigation.
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Figure 5.7 WNYV replication is enhanced in the absence of Ahal.

A. WNV replication is enhanced in Ahal-/- cells. Wildtype and Ahal-/- MAF cells were infected
with WNV for the indicated times. WNV genomic replication was measure using qrtPCR. WNV
viral genome replication is shown as fold increase over wildtype (n=1). B. WNV replication is
enhanced in Ahal silenced cells. A549 cells were transfected with siRNA directed against Ahsal
or negative control siRNA for 48 hours before being infected with WNV for the indicated times.
WNYV genomic replication was measured using qrtPCR. WNV viral genome replication is shown
as fold increase over wildtype (n=1). qrtPCR experiments were conducted in collaboration with

Dr. Anil Kumar and Eileen Reklow from Dr. Tom Hobman’s Lab (University of Alberta).
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5.3 Summary

The regulation of Hsp90 is complex. With Ahal being the most potent stimulator of the Hsp90
ATPase activity identified to date, we wanted to better understand its biological relevance. In
Chapter 5 we highlight a combination of approaches that we have used to investigate the role of
Ahal in Hsp90 function. Our initial experiments looked at the global expression of components
of the Hsp90 system in melanoma cells (Figure 5.1). We found that in addition to increased
levels of Hsp90, Ahal levels were also increased in melanoma cells. This suggests that BRAF
mutants, and other Hsp90 clients in the transformed cells, may require an increase in Hsp90
ATPase activity. Alternatively, we observed no change in Cdc37 expression levels in melanoma
cells. It has been shown previously that the overexpression of Cdc37 supports increased cell
proliferation and silencing Cdc37 destabilizes clients and sensitizes cancer cells to Hsp90
inhibitors (Stepanova et al., 2000; Schwarze et al., 2003; Smith, J. R. et al., 2009). The overall
supportive role of Cde37 in proliferation has championed its therapeutic potential and the
targeting of the Hsp90-Cdc37 complex in cancer, although Cdc37 expression levels vary in
cancer types (Uhlen et al., 2017; Gray et al., 2007; Li, T. et al., 2018). As Cdc37 is involved in
the recruitment of kinases to Hsp90, maintaining steady state levels of Cdc37 may be beneficial
to balance the activation of kinases involved in proliferation and those that are important for
apoptosis. For some co-chaperones, including p23, assigning expression level changes to a role
in specifically influencing Hsp90 function is more difficult as they also have Hsp90-independant
roles in the cell (Echtenkamp et al., 2011; Forafonov et al., 2008). The co-chaperone HOP is
overexpressed in a majority of cancers and is also substantially induced by stress conditions
(Chao et al., 2013; Kubota et al., 2010; Uhlen et al., 2017). It was surprising, therefore, that we
identified a shift in molecular weight of HOP and not a change in expression level. The shift in
molecular weight suggests that HOP may be heavily post-translationally modified in the
transformed cells or a specific splice variant is expressed. The function of splice variants and
post-translationally modified proteins can differ significantly from those normally expressed
with potential differences having implications in cancer development (Blair, C. A. and Zi, 2011;

Shkreta et al., 2013).

Post-translational modifications play an important role in Hsp90 chaperone dynamics
(Mollapour and Neckers, 2012; Soroka et al., 2012; Mollapour et al., 2014). We wanted to

determine if specific post-translational modifications of Ahal result in altered interaction with
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Hsp90 or play a heightened role in cancer cells. Surprisingly, the introduction of mutations at
sites known to be post-translationally modified did not alter the interaction of Ahal with Hsp90
(Figure 5.3). This was unexpected especially since several sites have been previously shown to
alter the Ahal-Hsp90 complex (Dunn et al., 2015). As we observed 5 distinct species of Ahal
using 2DGE (Figure 5.2) it will be interesting to see if the post-translational modifications that
these species represent can be identified. This line of investigation may be aided by the ability to
express Ahal mutants as the sole source of Ahal in the cell. We received mouse adult fibroblast
(MAF) cells that have endogenous Ahsal deleted (Aha-/-) (received from Picard Lab, University
of Geneva). While these cells have only been shown to have minor defects in the activation of
some Hsp90 clients, we showed that similar to the knockdown of Ahal, the deletion of Ahal
results in increased sensitivity to Hsp90 inhibitors (Figure 5.4) (Echeverria et al., 2011; Holmes

et al., 2008).

Our investigation into the role of Ahal in IRF3 activation and the innate immune
response is in the very early stages. While the loss of Ahal results in a loss of IRF3
phosphorylation (Figure 5.5 and Figure 5.6), the mechanism through which this proceeds is far
from being understood. Together with our results that show WNYV replication is enhanced in the
absence of Ahal (Figure 5.7), it points to a role for Ahal as a potential host restriction factor.
The innate immune response has a dual role in the initiation and progression of cancer, and the
role that IRF3 plays in this is poorly understood (Hagerling et al., 2015). IRF3 was recently
suggested to be an important therapy against gastric cancer (Jiao et al., 2018). This fits with the
idea that in addition to virulence factors, the aberrant innate immune response to gut microbial
products also plays a role in the pathogenesis of colorectal cancer (Rakoff-Nahoum and
Medzhitov, 2006; Yu et al., 2017). Future work in defining the mechanism behind Ahal function
and Ahal regulation of Hsp90 in the innate immune response will be important for further

therapeutic advancement.
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Chapter 6 Discussion
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6.1 Synopsis

Hsp90 is an essential molecular chaperone required for the folding, maturation, and activation of
a diverse group of client proteins. Co-chaperone proteins guide the conformational transitions
that accompany the ATPase cycle of Hsp90 and are responsible for client protein activation.
Aha-type co-chaperones are the most potent stimulators of the Hsp90 ATPase activity, however,
the mechanism of action is poorly understood. The focus of my doctoral work was on
understanding the role that Aha-type co-chaperones play in Hsp90 regulation. My results provide
new insight into the conserved motifs of the Aha-type co-chaperones and the mechanism of

Hsp90 function.

6.2 The conserved NxXNNWHW motif is important for Aha-type co-chaperone function

In Chapter 3, we show for the first time that the conserved N-terminal NxXNNWHW motif is
important for the function of Aha-type co-chaperones. Mutations of Hsp90, both previously and
newly identified, show the importance of the NxXNNWHW motif for the in vivo activity of the
Aha-type co-chaperones and deletion of the NxXNNWHW motif resulted in impaired co-
chaperone-mediated ATPase stimulation of Hsp90 in vitro. Interestingly, the deletion of the
NxNNWHW motif from both Ahalp and Hchlp results in an increase in the apparent affinity for
ATP of Hsp90, but the lid dynamics leading to the closed catalytically active state of Hsp90
appear unimpaired by the NxXNNWHW deletion. We show that while Stilp displacement is
equally efficient regardless of the presence of the NxXNNWHW, there is a higher apparent Sbalp
binding affinity when the NxXNNWHW is deleted. We suggest that the NxXNNWHW motif could
be regulating Hsp90 in part by mediating nucleotide exchange and that nucleotide exchange

during the Hsp90 functional cycle may be more important than the rate of catalysis.
6.2.1 Further understanding the N\NNWHW motif and purification tags

In our investigation of the NxXNNWHW motif we reveal that the location of the 6xHis-tag, used
for protein purification, impacts the function of Aha-type co-chaperones. Comparison of N- and
C-terminally 6xHis-tagged Ahalp constructs revealed several important features about the Aha-
type co-chaperones (Figure 3.6). The higher stimulation rate of C-terminally tagged Ahalp
suggests that the N-terminal 6xHis-tag interferes with Hsp90 ATPase stimulation. This makes
sense because the N-terminus of Ahalp is predicted to extend towards the ATP binding sites of

the Hsp90. In addition, we show that the N- and C-terminally tagged NxXNNWHW mutants of
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Ahalp stimulate the ATPase activity to a similar level as N-terminally tagged Ahalp. If the N-
terminal 6xHis-tag could replace the NxXNNWHW motif, then we would have expected N-
terminally tagged Ahalp®!! to stimulate to the same degree as C-terminally tagged Ahalp. This
suggests that the residues that make up the NxXNNWHW motif are important for its function and

not just the length.

The role of individual amino acids in the NxXNNWHW motif can be examined by
constructing single amino acid point mutations. Mutations in the NxXNNWHW motif of Ahalp
could be tested for their ability to rescue Hsc82pS2°P
NxNNWHW motif of Hchlp could be tested for their ability to rescue Hsp82p=*81¥ or to induce

drug sensitivity to Hsp90 inhibitors (Armstrong et al., 2012; Horvat et al., 2014). All point

, as in Chapter 3. Point mutants in the

mutants could also be tested in in vitro ATPase assays. This would determine if specific amino
acids are responsible for the impairments seen by deleting the NxXNNWHW motif. It is possible
that multiple residues are responsible for the function of the NxXNNWHW motif. As asparagine
residues (N) are polar and generally found on the surface of proteins and tryptophan residues
(W) are hydrophobic and normally within the hydrophobic core of a protein, the NxNN and
WHW pieces of the NxXNNWHW motif may play differing roles. We could construct mutations
to multiple residues (e.g. NxXNNWHW to AXAAWHW or NxXNNAHA) and assess these mutants

in a similar manner to the point mutants.

While our current strategy involves the movement of the 6xHis-tag from the N-terminus
to the C-terminus of these proteins, there is still a possibility that the 6xHis-tag has an impact on
the function of the protein. Future work should investigate feasible methods of purification tag
cleavage. Current restraints include limited protein quantity and yield, incomplete or multiple
cleavage sites and the remainder of a small portion of the protease cleavage site. The location of
purification tags may have impacted previous conclusions made with the Aha-type co-
chaperones. However, our finding that co-chaperone switching is not dependent on the
NxNNWHW motif provides confidence in previous analyses. Nonetheless, co-chaperone
switching takes place at the start of the Hsp90 cycle and we suggest that the NxXNNWHW plays a
role for re-setting the cycle. Therefore the presence of an N-terminal tag may interfere with

specific functions and the location of purification tags should be evaluated in future work.
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Sbalp is known to bind to the N-terminally dimerized state of Hsp90 and inhibit Hsp90
ATPase activity (Ali et al., 2006; Panaretou et al., 2002). We show that Sbal binds with a higher

All

apparent affinity in the Ahalp®''-mediated ATPase stimulated reactions. This suggests that

Hsp90 is stabilized in the N-terminally dimerized conformation by Ahalp”!!

and is more readily
recognized by Sbalp. It was recently shown that the overexpression of Hchlp results in a
decrease in Sbalp isolated with Hsp90 (Zuehlke et al., 2017). By isolating Hsp90 from yeast

overexpressing Hchlp or Hchlp?!!

and assessing the level of Sbalp bound we may be able to
show that loss of the NxXNNWHW motif results in an increase in Hsp90 in an Sbalp-binding-

competent state.
6.2.2 Understanding apparent K, for ATP of Hsp90 in terms of Hsp90 inhibitors sensitivity

We report that stimulation by Ahalp results in no significant change in the apparent K,, for ATP
of Hsp82p from Hsp8&2p alone. Interestingly, we revealed that stimulation by Hchlp results in a
large increase in K, for ATP. The overexpression of Hchlp, but not Ahalp, results in hyper-
sensitivity to Hsp90 inhibitors (Armstrong et al., 2012). This suggests that Hch1p may alter
sensitivity to Hsp90 inhibitors by influencing the K. A higher apparent K,, for ATP means a
lower affinity for nucleotide. Therefore, in the presence of Hchlp, the nucleotide binding pocket
of Hsp90 may be more available to bind to inhibitors. Interestingly, mutant forms of Hsp82p that
are known to be rescued by the deletion of HCH1, including Hsp82pY°*>T and Hsp82p>*'", are
hyper-sensitive to Hsp90 inhibition (Piper et al., 2003; Armstrong et al., 2012; Zuehlke et al.,
2017). By determining the apparent K, for ATP of these mutants we may be able to establish a
link between inhibitor sensitivity and apparent K. If there is a connection, then we should see an
increase in apparent K, for ATP in these mutants. In addition, analysis of Hsp82pt¥!X in regards

to Hsp90 inhibitors and apparent K, for ATP would provide information about mutants that

require Hchlp for rescued temperature sensitive growth (Horvat et al., 2014).

ALOTN \which is known to enforce lid closure and

Further analysis using the mutant Hsp82p
confer resistance to Hsp90 inhibition, could help understand this association (Prodromou et al.,
2000; Millson et al., 2010). If the increase in apparent K,, for ATP by Hchlp stimulation is due

to increase time in the open state, then we might expect Hsp82p»!1'N

would show no change in
K for ATP in Hchlp-stimulated reactions. Double mutants Hsp82pA107NVW38T op

Hsp82pA1O7NASSTT may show a restoration in K, of these mutants to wildtype levels. It will be
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interesting to determine the effect of the S25P mutation on both inhibitor sensitivity and apparent
K. As the temperature sensitive phenotype of this mutant is rescued by the overexpression of
both Ahalp and Hchlp, it may not be impaired in a similar manner to those mutants that are
affected by the expression of Hchlp alone, such as Hsp82p**¥’T, Hsp82p“*!*S, Hsp82p™>#T, and
Hsp82p"*®!K, In addition, determining the apparent K, for ATP of Hsp90 for Ahalp™ and its role

S25P

in the rescue of Hsc82p>~" may be useful. Overall, this line of investigation could prove

valuable in understanding and employing Hsp90 inhibitors.

6.3 Residues of the conserved RKxK motif are differentially required for function of the
Aha-type co-chaperones

In Chapter 4, we investigated the role of the conserved RKxK motif in Aha-type co-chaperone
function. The RKxK motif of the Aha-type co-chaperones is thought to interact with the catalytic
loop of Hsp90 for ATPase stimulation of Hsp90 (Meyer et al., 2003; Meyer et al., 2004; Horvat
et al., 2014). Here we elucidate that ATPase stimulation by Ahalp requires only Lys 60 of the
RKxK motif. In the same way, we found that only Lys 60 is required for rescue of temperature
sensitive growth of Hsc82p3*F by Ahalp. Our results replicate what has been previously
described for the in vivo function of Hchlp (Horvat et al., 2014). However, in accordance with
previous findings, Arg 59, Lys 60, and Lys 62 all play a role in ATPase stimulation of Hsp90 by
Hchlp (Horvat et al., 2014). Together, these results point to a role for the RKxK motif in the
initial stages of Aha-type co-chaperone interaction with Hsp90, which results in a small
stimulatory effect. Interaction and full ATPase stimulation of Hsp90 by Ahalp requires a

conformation change for which Lys 60 is necessary.
6.3.1 Addressing the RKxK motif in Ahalp" function

The initial work which demonstrated the importance of the RKxK motif in Aha-type co-
chaperones was done using mutants in the N-terminal domain of Ahalp alone (Ahalp™)
(Panaretou et al., 2002). While we have shown that both N- and C-terminally tagged versions of
Hchlp RKxK mutants are impaired in ATPase stimulation, we also know that Hch1p and
AhalpN are not functionally equivalent in cells (Horvat et al., 2014; Wolmarans et al., 2016).
Therefore, the initial experiments that investigated the role of the RKxK mutants in Ahalp™
(Panaretou et al., 2002), should be repeated using C-terminally tagged protein. Similar to Ahalp,
assays that address the in vivo role of Ahalp™ have been limited. As both Ahalp and Hchlp
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S25P it is possible that Ahalp™ would similarly

rescue the temperature sensitive growth of Hsc82p
rescue the poor growth phenotype of this mutation. If this is true then we could use this mutant to
address the in vivo function of the RKxK mutants and would predict that similar to both Ahalp
and Hchlp, Ahalp™N %A will be impaired in vivo. Alternatively, the NxXNNWHW motif is
necessary for rescue of the S25P mutant by both Ahalp and Hchlp, suggesting that this mutation
impairs later steps of the Hsp90 cycle. Deletion of the NxXNNWHW motif does not alter the
function of Ahalp™ and the C-terminal domain is necessary for full stimulation by Ahalp. In this

way, Ahalp" may not be able to rescue the S25P mutant and could not be used for further in vivo

testing.
6.3.2 Further defining the RKxK motif

The binding of Hch1p and Ahalp™ to the middle domain of Hsp90 results in weak stimulation of
Hsp90 ATPase activity. Early structural work revealed that the RKxK motif of Ahalp™ may be
important for stabilizing the catalytic loop of Hsp90 in the active conformation (Meyer et al.,
2004). Since that time we have come to recognize the many differences that exist between
Ahalp™, Hchlp and Ahalp (Armstrong et al., 2012; Horvat et al., 2014; Wolmarans et al., 2016).
Of specific interest is that the binding of Hch1p to the isolated N-terminal and middle domain of
Hsp90 shows a different interaction pattern when compared with Ahalp™ (Wolmarans et al.,
2016). NMR chemical shift data reveals that 19 residues of the Hsp90 middle domain are shifted
with Hch1p binding compared to only 10 residues of Ahalp®, with only 2 residues of similarity
(Wolmarans et al., 2016). Interestingly, Hch1p was also shown to result in a strong interaction
between the N-terminal domain and middle domain of Hsp90 (Wolmarans et al., 2016). This
highlights that the same structural model for interaction should not be applied for these co-
chaperones. Structural models of full-length Hsp90 with co-chaperone are difficult due to the
dynamic interaction and conformational rearrangements that take place. However, the NMR data
suggests that resolving a structure between the isolated middle domain of Hsp90 and Hch1p may
reveal important differences between the interactions of Hchlp and Ahalp. In addition, the PET
fluorescence quenching method, briefly described for our use in understanding the lid dynamics
with the NxXNNWHW motif, could be used to analyze the effect of the co-chaperones on the
conformational changes of Hsp90 associated with ATP hydrolysis (Schulze et al., 2016). As the

N-M communication is shown to be increase in NMR studies, we predict that like Ahalp, Hchlp
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would accelerate the N-M domain association (Schulze et al., 2016; Wolmarans et al., 2016). It is
hard to predict the role of Ahalp" in this function because NMR studies with Ahalp™ do not
show N-M docking but, the addition of Ahalp™ does result in ATPase stimulation (Wolmarans et
al., 2016). We could also analyze the RKxK mutants using the PET fluorescence quenching
method to try and determine if there are changes to the kinetics of lid closure, N-M docking, and
B-strand exchange. It would be interesting to see if the mutation to Lys 60 results in specific
alterations. We may also be able perform single-turnover ATPase assays to assess changes in
ATPase activity for each of the RKxK mutants in Hch1p and Ahalp®. The rate of Ahalp-
stimulated reactions limits the use of single turnover experiments. Interfering with the movement
of the catalytic loop, as suggested with the RKxK mutants, should result in slower ATPase

activity even in single turnover experiments.
6.3.3 Exploring the role of Ser 25 and other key residues

Temperature sensitive mutants are an important means to study essential proteins in yeast and
have provided vital insight into the mechanistic and structural details of the Hsp90 system.
Unlike classical temperature sensitive mutants, Hsp90 mutants do not lose their ability to fold at
restrictive temperatures but rather, they have reduced function that is revealed by the increase
substrate burden associated with increasing temperatures. This is important as alterations in co-
chaperones are able to further influence temperature sensitive mutant function. The data shown
here demonstrates that mutation of Ser 25 results in temperature sensitivity that is worsened by
the deletion of AHAI and can be rescued by the overexpression of Ahalp. Temperature sensitive
mutants of Hsp90 have most often been described to be exclusively effected by alterations in
Hchlp but not Ahalp (Nathan et al., 1999; Armstrong et al., 2012; Horvat et al., 2014; Zuehlke
etal., 2017). In the screen that identified the temperature sensitive mutant Hsc82p5>F
(Hsp82p3%P), Hsc82p V8K (Hsp82p384K) was also identified as a temperature sensitive mutant
and both were shown to be rescue by the overexpression of Ahalp or Hchlp and displayed a
further reduction in growth upon their deletion (Jill Johnson, University of Idaho). Together
these temperature sensitive mutants provide a new way to understand the similarities between
Aha-type co-chaperone regulation of Hsp90 and new mechanistic details of the Hsp90 co-

chaperone cycle.
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In the AMP-PNP-inhibited conformation of Hsp90 bound to Sbalp, Ser 25 is found at the
interface between the N-terminal and middle domains of the Hsp90 dimer in close proximity to
the catalytic loop and specifically to GIn 384 (Figure 6.1 A and B) (Ali et al., 2006). The close
proximity of Ser 25 and Gln 384 taken together with the similar phenotypes of mutations of these
residues suggests that the interplay between these residues is important. In a model aligning the
closed Hsp90 dimer (2CG9 (Ali et al., 2006)) and the isolated middle domain (1HK7 (Meyer et
al., 2003)), to demonstrate a conformation where Hsp90 is dimerized but the catalytic loop is
closed, S25P is in close proximity to the catalytic loop and no longer within reach of Gln 384
(Figure 6.1 C) (Prodromou, 2012). The position of these residues is once again changed when the
N-terminus of Ahalp is bound, although Ser 25 and Gln 384 remain apart (Meyer et al., 2004).
To analyze the importance of this interaction we could determine if the expression of a double

S25Q/Q3845 results in a restored growth phenotype at elevated

mutant construct Hsp82p
temperatures. Normal growth by this mutant would suggest that the interaction between these
two residues is important. Mutation of Glu 381 (Hsp82p®3*!X) results in temperature sensitive
growth that can be rescued by the overexpression of Hchlp, but not Ahalp (Nathan et al., 1997,
Horvat et al., 2014). Due to the close proximity of Glu 381 with Ser 25 and GlIn 384 it would be
interesting to determine if their rescue by Hchlp is due to different or similar functions of
Hchlp. Exacerbated growth phenotypes of double mutants (Hsp82pS2°P/E3#8IK or
Hsp82pE381KQ38Ky would suggest different functions of these residues and multiple modes of
Hchlp action. Although the structure between the N-terminal domain of Ahalp and the middle
domain of Hsp90 has been suggested to show that Ahalp is responsible for the release of Arg
380, it does not show Arg 380 in a position that would be in contact with ATP (Meyer et al.,
2004). It 1s interesting that while the N-terminal motif is unresolved in the crystal structure, it
may still be playing a role in the structure. Structural analysis in the absence of the NxXNNWHW

motif may help to understand the interaction between Ahalp and the catalytic loop.
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Figure 6.1 Crystal structure highlighting interaction of Hsp90.

A. Crystal structure of full length, closed Hsp90 dimer (N-terminal domains- blue, middle
domains- purple, C-terminal domains- green, ATP- red) (2CG9 (Ali et al., 2006)). B.
Highlighted complex between N-terminal domains of Hsp90 (blue) and middle domains (purple)
shown in A with important residues highlighted and labeled in corresponding colours. C. Crystal
structure of the middle domain (purple) (1HK7 (Meyer et al., 2003)) with the catalytic loop in
the closed state with the N-terminal domain of Hsp90 (blue) (2CG9 (Ali et al., 2006)). Important

residues are highlighted and labeled in corresponding colours.
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Ser 25 resides just outside the N-terminal strap of the N-terminal domain. In the
restructuring of Hsp90 for ATP hydrolysis, closure of the ATP lid allows a-helix 1 and -strand
1 to remodel and exchange between the N-terminal domains, supporting N-terminal dimerization.
Ser 25 is in close proximity to Thr 22 and Tyr 24, both part of the N-terminal domain that is
remodelled for dimerization and formation of the catalytically active conformation of Hsp90
(Cunningham et al., 2008; Mollapour et al., 2010; Mollapour, Tsutsumi, Truman et al., 2011). In
addition, mutation of Thr 22 and Tyr 24 have been shown to reduce interaction with Ahalp
(Mollapour et al., 2010; Mollapour, Tsutsumi, Truman et al., 2011). Similar to Hsc82p52°F,
Hsp82p™” and Hsp82p"*?F both show defective chaperoning of v-Src that is rescued by the
overexpression of Ahalp (Mollapour, Tsutsumi, Truman et al., 2011). The role of Hchlp with
client has not been established. It would be interesting to determine if the deletion of HCH/ in
the Hsc82p5*F mutant background results in a decrease in the chaperoning of v-Src and if this
chaperoning can be restored by the re-expression of Hchlp or Ahalp. The N-terminal domains of
Hsp90 are suggested to have the freedom to rotate as much as 180° (Daturpalli et al., 2017). This
rotation, provided by the charged linker region that connects the N-terminal and middle domains
of Hsp90, was suggested to expose regions of the N-terminal domain (residues 19-30) allowing
the formation of an extensive client interaction site along the N-terminal, middle and C-terminal

domains of Hsp90 (Daturpalli et al., 2017). If Ser 25 is important for stabilization of the closed

conformation we would expect to see a decrease in N-terminal rotation if Ser 25 is mutated.

6.4 The conserved motifs in Aha-type co-chaperone Hsp90 ATPase stimulation

The Hsp90 catalytic cycle is coupled to conformation changes that are central to Hsp90 function.
Conformational changes happen synergistically, involving a network of residues within all three
domains and both monomers of Hsp90 (Hessling et al., 2009; Li, J. and Buchner, 2013; Richter
et al., 2006; Schulze et al., 2016). How might the RKxK and NxXNNWHW motif of Ahalp and
Hchlp be involved in the Hsp90 catalytic cycle? In the open conformation, the ATP lids of
Hsp90 are open leaving the nucleotide binding pocket available for nucleotide to bind and
release (Weikl et al., 2000; Hessling et al., 2009). ATP binding and release happens rapidly and
therefore, is not thought to be rate limiting to the catalytic cycle (Ratzke et al., 2012). In the apo
conformation Arg 380 and the catalytic loop interact with the middle domain and help to
stabilize Hsp90 in an open conformation (Meyer et al., 2003; Dollins et al., 2007; Cunningham et
al., 2012; Huai et al., 2005). Release of Arg 380 is suggested to be a rate limiting step in ATP
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hydrolysis along with rotation of the N-terminal domains (Cunningham et al., 2012; Southworth
and Agard, 2011). The RKxK motif of Ahalp has been shown to remodel the catalytic loop of
Hsp90 and our results show that the RKxK motif is important for Hch1p-mediated ATPase
stimulation (Meyer et al., 2003; Meyer et al., 2004). This points to a role for the binding of
Hchlp and the N-terminus of Ahalp to the middle domain of Hsp90 to potentially release Arg
380 and the catalytic loop (Figure 6.2). While this results in a small stimulatory effect,
rearrangements of the N-terminal domains is also important. Hch1p but not Ahalp™ results in a
docked state between the N-terminal and middle domains of Hsp90 (Wolmarans et al., 2016). In
addition, the chimera between Hchlp and the C-terminus of Ahalp revealed that Hch1p does not
recapitulate the activity of the N-terminus of Ahalp (Horvat et al., 2014). This suggests that
while Hch1p brings the N-terminal and middle domains together, it is not in the same
rearrangement that is required for the C-terminal domain of Ahalp to fully stimulate Hsp90.
Therefore, while the N-terminus of Ahalp can prime Hsp90 for interaction with the C-terminal
domain it does not provide further stimulation over and above that conferred by Hchlp. The C-
terminal domain of Ahalp interacts with the N-terminal domains Hsp90 in the dimerized state
for further ATPase stimulation (Figure 6.2) (Meyer et al., 2004; Hessling et al., 2009; Retzlaff et
al., 2010). After ATP hydrolysis occurs, Hsp90 must also go through steps to release ADP and
inorganic phosphate and allow for the initiation of a new cycle of ATP binding and hydrolysis.
The order and kinetics of these reverse events are poorly understood. Our data points to a role for

the NxXNNWHW motif of Ahalp and Hchlp in ADP release after ATP hydrolysis (Figure 6.2).
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Figure 6.2 Model of the RKxK and NXNNWHW motif of Ahalp and Hchlp in stimulating
Hsp90 ATP hydrolysis.

The ATP hydrolysis cycle of Hsp90 is shown without co-chaperone (A) or with Hchlp (B),
Ahalp™ (C) or Ahalp (D). In the apo state Arg 380 (red circle) and the catalytic loop (yellow
circle) of Hsp90 interact with the middle domain of Hsp90. ATP binds in the nucleotide binding
pocket (Step 1). In the absence of co-chaperone, release of Arg 380 and rearrangement of the
Hsp90 N-terminal domains is slow (Step 2 A). The addition of Hchlp, Ahalp®, or Ahalp
stimulates the release of Arg 380 and the catalytic loop through interaction with the RKxK motif
(orange circles) (Step 2 B, C and D respectively). During Step 2 the binding of Hchlp also
promotes the interaction of the N-terminal and middle domains of Hsp90 whereas, binding of the
N-terminal domain of Ahalp promotes rearrangement in the N-terminal domain of Hsp90 that
allows for faster Hsp90 N-terminal dimerization when the C-terminus of Ahalp is present (Step
3). The reopening of Hsp90 and release of ADP and inorganic phosphate (P;) (Step 4) is
enhanced by the presence of the NxXNNWHW motif (blue circle) only with Hchlp or Ahalp.
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6.5 Additional roles of the Aha-type co-chaperones

Chapter 5, outlines the ways that we have expanded our models and approaches to explore the
biological relevance and regulation by the Aha-type co-chaperones. We show, using a melanoma
progression model, that although the Hsp90 system is not universally regulated, both Hsp90 and
Ahal levels are increased in melanoma cells. We confirmed previous reports that deletion of
Ahal results in increased sensitivity to Hsp90 inhibitors. While examining the levels of the
Hsp90 system we revealed that Ahal is heavily post-translationally modified. The way in which
we can isolate specific post-translationally modified co-chaperones will be work for future
projects. Lastly, we have revealed a role for Ahal in the activation of IRF3 and the innate
immune response and show that Ahal is important for immune response to viral infection.

Together, these observations widen our view of Aha-type co-chaperones regulation and function.
6.5.1 The Hsp90 system and disease

The upregulation of Hsp90 has been shown to be an indicator of malignancy with elevated levels
of heat shock proteins generally purported with poor prognosis (Wu et al., 2017; Wang, J. et al.,
2013). With the recognition that the Hsp90 system is tightly integrated, targeting co-chaperones
has been suggested as a way to more specifically alter Hsp90 activity (Blair, L. J. et al., 2014).
We assessed the levels of co-chaperones in a melanoma progression model and found that there
was no clear upregulation of all co-chaperones. Of interest to us, Ahal was upregulated,
supporting a need to increase our understanding of its role in Hsp90 function. Expanding this
analysis to additional cancer models may reveal if co-chaperone changes can be linked to cancer
type or are specific to lineage. While cellular levels of Hsp90 are important for understanding
requirements of cancer cells, a role for extracellular Hsp90 (eHsp90) has slowly been gaining
traction (L1, W. et al., 2007; Tsutsumi and Neckers, 2007; Wong and Jay, 2016; Rong et al.,
2014). The mechanism of secretion is poorly understood, but it is known to be triggered by cell
stress and linked to cancer metastasis (Li et al 2007, Wooley et al 2009, Yang et al 2014). Serum
levels of eHsp90 have been shown to be elevated in cancer patients and eHsp90 has been shown
to be a potential biomarker for hepatocellular carcinoma and leukemia (Wong and Jay, 2016;
Sun et al., 2012). We have begun to investigate eHsp90 in melanoma and as a prognostic marker

for inflammatory bowel disorders.
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Hsp90 has a long standing role in immune response and immune modulation (Graner,
2016). One of best-defined roles of Hsp90 in the immunity is the stabilization and activation of
the IkB kinase (Chen, G. et al., 2002; Broemer et al., 2004). Activation is known to be dependent
on Cdc37 and Hsp90, with Hsp90 inhibition resulting in the loss of transcriptional response
(Pittet, 2005; Broemer et al., 2004). Prior to our results, which reveal a defect in IRF3
phosphorylation when Ahal is absent, a role for Hsp90 in the IRF3 arm of the innate immune
system had not been identified. Defining the upstream and downstream factors that are also
affected in this pathway will provide a better understanding for the role of Hsp90 in the immune

system. It may also provide a more specific role for Ahal in cells.
6.5.2 Re-assessing post-translational modifications

Hsp90 and many of its co-chaperones are known phospho-proteins (Walton-Diaz et al., 2013).
The functional consequences of Hsp90 phosphorylation have been established showing altered
co-chaperone interaction, client activation, and inhibitor sensitivity (Mollapour and Neckers,
2012; Walton-Diaz et al., 2013). While less is known about post-translational modifications of
co-chaperone proteins, the functional consequences are similar to those of Hsp90 (Mollapour and
Neckers, 2012). For the co-chaperone Cdc37, phosphorylation of Ser 13 by casein kinase 2
(CK2) is necessary for interaction with numerous kinases and for binding to Hsp90 for kinase
activation (Miyata, 2009; Vaughan et al., 2008; Shao et al., 2003). Preventing the
phosphorylation of Ser 13 on Cdc37 results in increased toxicity of Hsp90 inhibitors (Vaughan et
al., 2008). In a similar way, phosphorylation of Stil, p23, or FKBP2 results in altered Hsp90
interaction and client activation (Kobayashi et al., 2004; Longshaw et al., 2000; Miyata et al.,
1997). It is difficult to assign consequences of post-translational modifications in the Hsp90
system. For example, CK2 phosphorylation of Hsp90 at Thr 22 affects ATPase activity, client
activation, interaction with Ahal, and inhibitor sensitivity (Mollapour, Tsutsumi, Kim et al.,
2011; Mollapour, Tsutsumi, Truman et al., 2011). Altered interaction of Hsp90 with Ahal has
been shown to influence all of these things as well. While the relative levels of co-chaperones
proteins are able to influence the kinetics of Hsp90 cycle progression, the substoichiometric
levels of co-chaperones compared to Hsp90 suggests that post-translational modifications may
serve as a mechanism to control the interaction of co-chaperones with Hsp90 (Ghaemmaghami et

al., 2003). This has been elegantly illustrated for phosphorylation events of Hsp90 where
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phosphorylation on Tyr 197 results in dissociation of Cdc37, phosphorylation on Tyr 313
promotes Ahal recruitment and therefore ATPase activity, and phosphorylation on Tyr 627

induces dissociation of client and co-chaperones (Xu, W. et al., 2012).

There is very little known about how post-translational modifications regulate Ahal. Tyr
223 of Ahal has been shown to be phosphorylated by the tyrosine kinase c-Abl, which promotes
the association of Ahal and Hsp90 and alters the chaperoning of Hsp90 clients (Dunn et al.,
2015). Using 2DGE we show that Ahal undergoes multiple post-translational modification
events in vivo. Although the expression of mimetic and non-modifiable mutants of Ahal did not
show alterations in Hsp90 interaction, we propose this is a consequence of the conditions used
for these experiments and not lack of phenotype for all of the modification variants. More
stringent conditions, a different cell line, or expression of the mutants as the sole source of Ahal
in cells may help to illustrate these differences. We can also purify these proteins to conduct in
vitro analysis of interaction and stimulation ability of these mutants. Although we cannot predict
the sites that will be important, we can suggest that they will affect client activation and inhibitor

sensitivity.

6.6 Hsp90 clients

Interest in understanding Hsp90 stems from the fact that Hsp90 clients are involved in an
extensive range of biological processes and a myriad of diseases. While the characteristics that
define Hsp90 clients’ remains poorly understood, a unifying feature is intrinsic instability
(Taipale et al., 2012; Boczek et al., 2015). For instance, incorporation of specific residues of the
Hsp90 client v-Src into the non-client c-Src showed a concomitant increase in instability and
Hsp90 dependence (Boczek et al., 2015). Interestingly, in vitro reconstitution experiments show
that while Hsp90 ATP hydrolysis is required for activation of v-Src by phosphorylated Cdc37
and Hsp90, only ATP binding to Hsp90 is necessary for stabilization (Boczek et al., 2015). A
high-resolution cyro-electron microscopy structure of an Hsp90-Cdc37-Cdk4 was recently
achieved, showing for the first time the interactions of full-length Hsp90 and Cdc37 with a client
kinase (Verba et al., 2016). In this structure, Cdc37 binds the client Cdk4 in a partially unfolded
state that is threaded through the closed middle domains of Hsp90 (Verba et al., 2016). The cycle
that is proposed from this model suggests that the Cdc37-kinase complex can remain in contact

with Hsp90 even after ATP hydrolysis and Hsp90 opening, allowing unfolded kinase to remain
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in contact with Hsp90 and Cdc37 for additional Hsp90 cycles. Alternatively, when Hsp90 is
open, Cdc37 can become dephosphorylated and Cdk4 would be accessible to degradation
machinery (Verba et al., 2016). It was previously thought that Cde37 prevents N-terminal
dimerization and inhibits Hsp90 ATPase activity (Roe et al., 2004; Siligardi et al., 2002).
Interestingly, while ATP hydrolysis was thought to be necessary for Hsp90 function (Pearl and
Prodromou, 2000; Prodromou et al., 1997; Mishra and Bolon, 2014) it has now been shown that
ATP binding may be sufficient (Zierer et al., 2016). Together, this builds on the dynamic nature
of Hsp90 conformations and the idea that the time spent in certain conformation is the critical

aspect of client activation (Mickler et al., 2009; Ratzke et al., 2012; Zierer et al., 2016).

What does this mean for the incorporation of the Aha-type co-chaperones into the Hsp90
client activation cycle? Our data supports a role for Aha-type co-chaperones in preparing Hsp90
for ATP hydrolysis (RKxK motif) and nucleotide release (NxXNNWHW motif) which are
required for resetting of the Hsp90 client activation cycle (Figure 6.3). This suggests that in the
absence of Aha-type co-chaperones, clients may be bound to Hsp90 longer as ATP hydrolysis
and cycle turnover is slower. This fits with the previous findings that the knockdown of Ahal
results in increased maturation of the difficult-to-fold Hsp90 client CFTR (Koulov et al., 2010;
Wang, X. et al., 2006).
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Figure 6.3 Model of the Aha-type co-chaperones in the Hsp90 client activation cycle.
Immature client proteins associated with the Hsp70 chaperone system are recruited to Hsp90 by
Stil (Step 1). Binding of Cpr6, ATP, and Ahal are able displace Stil (Step 2). The RKxK motif
of Aha-type co-chaperones stimulates rearrangements in Hsp90 important for Hsp90 closure.
The C-terminal domain of Ahal is needed for displacement of Stil (Wolmarans et al., 2016).
Once the catalytically active, closed conformation of Hsp90 is achieved, ATP hydrolysis takes
place and Hsp90 opening is needed for client release and re-setting of the Hsp90 cycle (Step 3).
The NxXNNWHW motif of the Aha-type co-chaperones stimulates the conformational changes

needed for client release. Hsp82p mutants are shown at potential steps of inhibition.
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Hsp90 mutants are an important means of defining the role of Aha-type co-chaperones in

257 'which is rescued by the overexpression of

client activation. Our work with v-Src and Hsc82p
Ahalp but not Ahalp?!!, is an important step in this understanding. In this mutant, the levels of
v-Src remains consistent however, v-Src activity is increased when Ahalp is overexpressed
(Figure 3.11). This suggests that while Hsc82p52°" can still bind to client, client activity is
impaired because client release is impaired in the absence of Ahalp or when the NxXNNWHW
motif is deleted (Figure 6.3). By performing co-immunoprecipitation assays of Hsp90 and
looking at client bound we may be able to more directly observe changes in client interaction.
We could extend this analysis to include Hsp90 mutants that are restored by the deletion or
overexpression of Hch1p, for example Hsp82pA3%"T and Hsp82pt3*!X respectively. Mutants that
are rescued by the deletion of HCHI may have defects in client binding or achieving a closed
catalytically active conformation that would be restored upon the deletion of HCH]I. This idea is
supported by our previous work which shows that the interaction of Hsp82p”3'T with Sbalp is
impaired (Armstrong et al., 2012), suggesting that this mutation disfavours the N-terminally
dimerized state (Figure 6.3). Alternatively, mutants that require Hchlp for restored function may
have a defect in client turnover, shown by similar or increased amount of client binding, along
with a decrease in client activity. In this case, client binding and activity would be restored to
wildtype levels upon the addition of Hchlp, but not Hch1p®!!, Interestingly, the phenotypes seen
by several mutants that are impaired by the deletion of ST//, are exacerbated by the presence of
Aha-type co-chaperones (Reidy et al 2018). This suggests that defects in client loading can be
made worse by quick turnover, highlighting the balance that is required in the Hsp90 system. In
addition to looking at other clients such as v-Src, GR, and Stel112N, we could extend our analysis
to look at the effect of other co-chaperones on client binding and activation. This would highlight
the importance of Aha-type co-chaperones in influencing client activation. Further biochemical

and structural work would be required to reveal the mechanism.

6.7 Conclusion

The complex regulation mechanisms and highly dynamic nature of Hsp90 leave many questions
to be explored. A central enigmatic element, is the role of ATP hydrolysis and the conformation
consequences of hydrolysis on the activation of Hsp90 clients. The work described in this thesis
focuses on understanding how the Aha-type co-chaperones regulate Hsp90 function. We

highlight specific structural elements of the Aha-type co-chaperones are important for the
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dynamics of Hsp90 nucleotide exchange. We reveal changes to co-chaperone-mediated ATPase
stimulation and use yeast as a model organism to understand the in vivo effects of these co-
chaperones on Hsp90. We suggest that focusing on elements of the Hsp90 cycle, such as
exchange dynamics, may reveal new insight into the regulation of client activation. Future work
towards placing the Aha-type co-chaperones within a structural context will be important to

integrate their action into the conformational framework of the Hsp90 cycle.
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