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Abstract

In the crowded cellular milieu, molecular chaperones orchestrate the proper fold-
ing of proteins and maintain proteostasis. One of the most important and complex
chaperone networks in the cell is that of the heat shock protein 90 (Hsp90). Hsp90,
initially identified in response to heat stress, is evolutionarily conserved and abun-
dant in the cell. Unlike other chaperones, Hsp90 binds proteins which are in a near-
native state and assists in the maturation and activation of specific client proteins.
More than 300 Hsp90 client proteins have been identified which belong to various
functional classes including nuclear receptors, kinases and transcription factors. The
diversity of the client proteins and their roles as key effector proteins, has made
Hsp90 a potential target for therapeutic strategies, especially against cancer. For its
chaperoning activity, Hsp90 undergoes drastic ATP-dependent cyclic conformational
changes. While progressing through the ATPase cycle, Hsp90 associates with a cohort
of co-chaperones which are thought to regulate the kinetics of the ATPase activity.
Moreover, the Hsp90 machinery works in close collaboration with Hsp70 machinery.

During the last decades, several studies have elucidated the structure and con-
formational dynamics of Hsp90. Most Hsp90 co-chaperones have been characterized
with respect to their domain architecture, their interaction with certain conforma-
tions of Hsp90 and their influence on the Hsp90 ATPase activity. Despite this ex-
tensive knowledge, the basic mechanism of how Hsp90 can chaperone functionally
and structurally distinct client proteins, remains elusive. No specific recognition se-
quence or motif common to all client proteins has been identified for interaction with
Hsp90. The intriguing question, how the large cohort of co-chaperones influence the
maturation and activation of client proteins still remains unanswered.

In this work, the effect of Hsp90 co-chaperones on client proteins was systemati-
cally analysed using the co-chaperone deletion strains of S.cerevisiae (Baker’s yeast).
The effect of deleting or lowering expression of an essential co-chaperone on client
activity, compared to the wild type strain was monitored. The client proteins cho-
sen for the study include steroid hormone receptors (SHRs) and the viral Src kinase.
Studying functionally and structurally unrelated client proteins, offered an insight



into which co-chaperones are specific for a protein family. Additionally, studying five
different SHRs, provided a comparison of the co-chaperone dependency within one
protein family.

The in-depth characterization of the Hsp90 co-chaperone deletion/knock-down
strains confirmed that modulating the levels of co-chaperones did not adversely affect
the basic cellular processes. Despite a strong homology among some co-chaperones,
changes in the expression of one did not lead to compensatory changes in the oth-
ers. The systematic analysis of Hsp90 client proteins showed that the influence of
co-chaperones was post-translational. In spite of being bona fide Hsp90 client pro-
teins, the extent to which they depended on Hsp90 was variable. The client proteins
also showed specific co-chaperones requirements for their activation. While Cpr6
and Sbal were essential for all the SHRs, Stil and Cdc37 played a prominent role in
v-Src maturation. Most other co-chaperones showed client-specific effects. Surpris-
ingly, deletion of certain co-chaperones also led to the increase in activity of client
proteins, suggesting a negative regulatory role. Further characterization of the glu-
cocorticoid receptor (GR) showed that Stil deletion affected its conformation and
led to a decrease in activity. Intriguingly however, Stil, which was essential for GR
as well as v-Src activation, was dispensable for their stabilized mutants.

Taken together, this work conclusively shows that clients depend on specific co-
chaperones for their activation and differences exist even within a closely-related
protein family. The co-chaperones, thus act as modulators to adapt the Hsp90 cycle
to the requirements of a specific client protein. Taking into account the central im-
portance of Hsp90 in numerous cellular pathways, the specific client-co-chaperone
relationships can be viewed as a vital regulatory hub to ensure optimal client activa-
tion.
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Introduction

The name ‘protein’ is derived from the Greek word ‘protos’, meaning primary or first
rank of importance. Proteins are the most abundant component within a cell and
constitute more than half the dry weight of a cell. They have a range of indispensable
roles in every cells ranging from catalysing slow reactions in the form of enzymes to
forming the structural framework of the cell. For a protein to be active and functional,
it is of utmost importance that it is folded correctly into its three-dimensional native
structure. Protein folding is thus, one of the most fundamental processes in all living
cells and protein misfolding can have adverse effects on physiological processes.

1.1 Protein folding in vivo

According to Anfinsen’s principle, the entire information required for folding a pro-
tein is contained in its amino acid sequence and folding is therefore a spontaneous
process [Anfinsen, 1973]]. However, in the crowded environment of the cell, with
total cytosolic protein reaching concentrations of 300-400 g/1 and up to a volume
of 40% occupied by macromolecules, the dynamics of protein folding is largely al-
tered [Ellis & Minton, 2003; Zimmerman & Trach, [1991]. The resultant excluded



1. INTRODUCTION

volume effect, which on one hand is essential for enhancing the functional interac-
tions between macromolecules, in turn strongly increases the tendency of non-native
and structurally flexible proteins to aggregate [Zimmerman & Minton, [1993; Ellis &
Minton, 2006]]. This phenomenon of ‘macromolecular crowding’ thus makes protein
folding challenging in vivo.

During translation the N-terminal end of the polypeptide chain emerges out of the
ribosome, while the C-terminal end is yet to be synthesized [Frydman & Hartl, (1996].
Translation itself is a relatively slow process with the rate of about 4-20 amino acids
per second. This means that the nascent polypeptide chain emerges slowly from the
ribosome tunnel. As against this, the rate at which a protein can fold is much faster
(<1 sec) [Agashe & Hartl, 2000]]. Due to this discrepancy in the translational and
folding rates, the newly emerging polypeptide chain can be exposed in a partially
folded, aggregation-sensitive state for prolonged periods of time. Since the com-
plete polypeptide chain has not been synthesized, the entire information required for
its folding is not available at this stage. Moreover, non-native intra-chain contacts
formed during translation could block folding upon completion of synthesis. As a
result, nascent polypeptides often require folding assistance before they can reach
their native structure. Protein folding involves very small overall changes in energy,
typically ranging from 1 to 15 kcal/mol, as a protein progresses from its unfolded
state to its native structure [Fersht & Daggett, 2002]. This is the basis of the intrinsic
instability of many proteins. It is also due to this small energy difference, that most
proteins can undergo drastic conformational changes while carrying out their cellular
functions. About 30% of all eukaryotic proteins have large intrinsically disordered re-
gions [Liu et al., 2009]. Due to their inherent flexibility, different disordered regions
can bind to a common binding site on an interaction partner. Such capacity for bind-
ing diversity plays important roles in both protein-protein interaction networks and
gene regulation networks [[Dunker et al., 2008]]. However, the intrinsic instability or
disorder of these proteins can also lead them to unfold and aggregate when exposed
to stress. The cell and its crowded milieu are constantly subjected to various types of
stresses like heat stress, oxidative stress, viral infection, cytokines, glucose depriva-
tion, or exposure to toxins and certain metals. These ‘proteotoxic’ stresses can cause
proteins to misfold and aggregate as partially folded proteins have a much greater
tendency to aggregate in the crowded cellular environment than in isolated dilute
solutions in vitro [White et al., 2010} [Ellis & Minton, 2006]. In addition to stress,
the occurrence of random mutations can disrupt the ability of a protein to adopt a

2
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stable fold, leading to serious consequences on the general physiology of the cell
and in effect on human health. Many neurodegenerative diseases like Alzheimer’s
disease, Parkinson’s disease and Huntington’s disease as well as several metabolic
diseases like Diabetes mellitus Type 2, artherosclerosis and even cancer have protein
folding defects and aggregation as their underlying cause [Balch et al., [2008; Huang
& Stultz, 2009; Diaz-Villanueva et al., 2015].

In order to rescue the cell from deleterious de novo folding defects or those in-
duced by stress, every cell has an array of helper proteins called molecular chaper-
ones which are involved in the quality control of proteins in the cells and help to
maintain ‘proteostasis’ [[Brandvold & Morimoto, 2015].

1.2 Assisted proteostasis in vivo

Molecular chaperones were first discovered as proteins which were synthesized upon
heat stress in Drosophila larvae, hence they were first termed heat shock proteins
(Hsps) [Tissieres et al., [1974; |Ashburner & Bonner, 1979]]. Subsequently, it was
shown that these proteins are not specifically upregulated only upon elevated tem-
peratures, but also by other stresses like oxidative phosphorylation, inhibiting elec-
tron transport and also in response to various amino acid analogues and antibiotics.
This led to the finding that these so-called heat shock proteins actually act as molec-
ular chaperones which help the cell deal with its increased burden of abnormally
folded proteins [[Georgopoulos & Welch, 1993]; Richter et al., 2010]]. Also, despite be-
ing called Hsps, most of the chaperones are constitutively expressed in all cell types,
and only upregulated upon stress.

The molecular chaperones are allosteric machines that do not have a single well-
defined substrate. Instead, they have a unique feature, which is their ability to
promiscuously interact with a wide range of unfolded proteins. [Bukau et al., [1996;
Walter & Buchner, 2002]. They maintain proteostasis by chaperoning almost all
stages in the life of a protein, right from assisting de novo folding, preventing pro-
tein aggregation, refolding the misfolded proteins, disaggregating and refolding ag-
gregated proteins or finally by degrading the misfolded proteins which are beyond
rescue [Kim et al., [2013; Hartl et al., [2011] (Figure [1.1). In addition to molecu-
lar chaperones other protein folding catalysts include enzymes like protein disul-
fide isomerase (PDI) and other members of the thioredoxin family and peptide-
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prolylisomerases (PPlases). PDI catalyses both formation as well as the reduction
of disulphide bonds in substrates [Wang & Tsou, |1993; Wang et al., [2015]]. PPIases
on the other hand, assist in restructuring the client proteins by catalysing the slow
rotational motion of peptide bonds preceding a proline residue [Fanghénel & Fis-
cher, 2004} Schiene-Fischer, 2014} Schmidpeter & Schmid, 2015]. Together these
chaperones and folding catalysts work in concert with their respective regulator pro-
teins to ensure proper protein folding and maintenance of the proteins in their native
functional three-dimensional conformation.

Snythesis Intermediate Native

Trigger factor TRIC/CCT
Hsp70 Hsp90
—_— —_
< <
&
"é@
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&,
\°+
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\”\ q‘
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P — = _=_ S —N
“““ = = <<
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Degradation
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Figure 1.1: Stages in the life of a protein in vivo. Right from its emergence from the
ribosome, the nascent polypeptide chain requires assistance of molecular chaperones.
The nascent polypeptide chain folds via several intermediates to a functional native con-
formation. In presence of stress, chaperones assist misfolded proteins to refold and also
help to disaggregate aggregated proteins.

1.3 Molecular chaperones

The basic principle of chaperones is to transiently bind exposed hydrophobic patches
of folding intermediates in order to prevent intra and inter-molecular interactions
which might hinder proper folding of the proteins. The chaperones are not a part of
the final structures of proteins. The folded proteins are released and the chaperones
can be ‘recycled’ thus providing the non-native proteins new opportunities to produc-
tively fold to reach its native state [Buchner, 1996; Bukau & Horwich, 1998} Ellis &
Hartl, 1999]. The molecular chaperones work at stoichiometric ratios to decrease the
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concentration of non-native proteins and in effect decrease the aggregation potential
of folding proteins [Kiefhaber et al.,|1991]]. The chaperones can be divided into five
major and broadly conserved families namely, the small heat shock proteins (sHSPs),
Hsp60 or chaperonins, Hsp70, Hsp90 and Hsp100s, where the numbers following
‘Hsp’ denote their molecular weights.

e ‘Holdases’ and ‘Foldases’

Chaperones can be functionally divided into 2 groups namely, ‘holdases’ and ‘foldases’.
As the names suggest, the ‘holdase’ chaperones, for example sHsps or the bac-
terial Trigger Factor, bind to the exposed hydrophobic patches of the non-native
protein, thereby preventing aggregation. These chaperones are ATP-independent.
However, in order to actively fold a protein to its native structure, the ‘foldases’
are required. The most prominent ‘foldase’ chaperone machines include Hsp60,
Hsp70 and Hsp90. All these chaperones hydrolyse ATP which fuels their dynamic
conformational structural changes required for their chaperoning function[Bukau

& Horwich, 1998; Bukau et al., 2000; Frydman, 2001} Hartl & Hayer-Hartl, 2002;
Welch, 1991].

e From the ribosome and beyond

Based on their cellular location and the stage of protein folding they assist, chaper-
ones can also be considered to fall into two groups. The first group consists of the
cytosolic chaperones which assist protein folding either co- or post-translationally.
The other class of chaperones are those associated with the ribosome which can
directly assist the early stages of co-translational folding of the nascent polypeptide
[Gloge et al., 2014} Preissler & Deuerling, 2012]]. Ribosome-associated chaperones
are present both in eukaryotes and prokaryotes, however, co-translational fold-
ing already at the ribosome is of utmost importance in eukaryotes as the rate of
translation is even slower. In bacteria, the most prominent example of ribosome-
associated chaperone is the Trigger Factor. The Trigger Factor interacts with every
emerging nascent polypeptide chain and keeps it unfolded and in solution until
the rest of the protein is translated or until the Hsp70 machinery starts to fold the
protein domains that have exited the ribosomal tunnel. In the eukaryotic system,
there is no direct homologue of the Trigger Factor but other ribosome-associated
proteins belonging to different protein families exist. In Saccharomyces cerevisiae
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for instance, there is a ternary complex at the ribosome comprising of two homo-
logues of Hsp70, namely Ssb and Ssz and the Hsp40 protein Zuotin (Zuo)|[|Scior
& Deuerling, 2014; Gautschi et al., [2001]. Moreover, the nascent chain-associated
complex (NAC) found in eukaryotes including yeast and mouse plays a role in
proteostasis [Kirstein-Miles et al., 2013].

1.4 Small heat shock proteins (sHSPs)

The sHSPs, as the name suggests, are the smallest members of the chaperone ma-
chinery. They are most widespread, but are poorly conserved. The sHSPs structurally
have a common a-crystallin domain. In principle, the sHSPs are an example of the
holdases, as they interact with a large number of partially folded proteins to prevent
their aggregation upon stress-induced unfolding. The sHSPs form large dynamic
oligomers in the cell, often including 24mers, which has made their structural char-
acterization challenging [van Montfort et al., |2001}; Peschek et al., 2013]]. While their
mode of action is to form soluble complexes with the partially folded proteins, they
are also recruited to aggregates upon severe stress [Cashikar et al., 2005; |[Haslbeck
et al., |2005; Liberek et al., 2008]]. By associating with the aggregates, the sHSPs
alter the structure of the aggregate such that the proteins can then be reversibly
refolded by other ATP-dependent chaperones like Hsp70/40 or Hsp100 [Haslbeck:
et al., 1999]. It has been recently shown that due to their structural flexibility, sHsps
can expose distinct binding interfaces and can thus interact with a wide variety of
substrates [Mainz et al., 2015]. sHsps are often activated by heat stress or post-
translational modifications, which leads to their dissociation into smaller complexes
[Haslbeck et al., 2005, [2015]

1.5 Chaperonins or Hsp60

Chaperonins are large double ring chaperones that function by encapsulating non-
native proteins (up to 60 kDa) in an ATP-dependent manner to give them a chance
to fold in isolation. In bacteria, the most well-studied chaperonin is the GroE ma-
chinery. It consists of two heptameric rings which form a large GroEL ‘cage’ (Hsp60
in mitochondria). The co-chaperone GroES, also a heptameric ring, binds as a lid
to close the cavity (Hsp10 in mitochondria) [Horwich, 2013; Skjerven et al., 2015].



1.6 Hsp100s

The mechanism of action of GroEL-ES has been extensively studied. The apical do-
mains of GroEL have exposed hydrophobic amino-acid residues in the ring centre
where the non-native substrate binds. Recent studies have elucidated the structure
of GroEL with bound substrate in both open and closed conformation [Clare et al.,
2009; Chen et al., 2013]]. Closing of this ring by GroES, in the presence of ATP, results
in a large conformational change in the GroEL ring that leads to the formation of a
cage with a highly hydrophilic, net-negatively-charged inner wall [Xu et al., 1997,
Skjaerven et al., [2012]. Encapsulated proteins are free to fold in this isolated envi-
ronment for the duration of ATP hydrolysis. The substrate is released upon GroES
dissociation and the cycle can repeat. In the eukaryotic cytosol the GroE machin-
ery has been replaced by a distant relative called TRiC/CCT complex [Lopez et al.,
2015]. In the recent years, extensive structural information has accumulated. Struc-
turally, the TRiC complex consists of two octameric rings. Unlike GroE complex, the
TRiC/CCT has a built-in lid to replace the function of GroES [Zhang et al., 2010a;
Dekker et al., 2011} Leitner et al., [2012]]. Mechanistically, the TRiC reaction is much
slower allowing longer times for the substrates to fold [Valpuesta et al., 2002]]. The
substrate spectrum is also more limited and surprisingly, the TRiC machinery is not
upregulated during stress in yeast [Eisen et al., (1998].

1.6 Hsp100s

The Hsp100 family of chaperones consists of AAA+ ATPases which act as powerful
‘unfoldases’ and ‘disaggregases’. The different members of this family either unfold
proteins and deliver them to compartmentalized proteases or help to disassemble
aggregates, thus giving them a chance to refold. They are powerful ATP-dependent
motors which can pull proteins through the central pore of their hexameric ring
[Neuwald et al., [1999; Haslberger et al., |2008]. In bacteria, the Hsp100 family in-
cludes several members like ClpA, ClpB, ClpC, CIpE, ClpX and ClpY. Similar pro-
teins are also found in mitochondria, plants and yeast (Hsp104) [Glover & Lindquist,
1998} Barends et al., 2010]. ClpX and ClpA unfold proteins which are marked for
degradation by pushing them through a central pore lined with tyrosine residues
which provides non-specific binding sites for the translocating polypeptide. The un-
folded polypeptide is then digested and degraded in the proteolytic chamber of the
associated CIpP peptidase [Baker & Sauer, 2012]. Alternatively, ClpB or the yeast
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Hsp104 have a unique ability to disaggregate proteins. However, both these proteins
cannot recognize aggregated proteins in the absence of Hsp70 [Winkler et al., 2012].
Thus, these proteins work in concert with Hsp70 and its co-factors to disaggregate
and refold the aggregated/misfolded proteins [[Seyffer et al.,[2012; [Lee et al., 2013].
Higher eukaryotes (nematodes and mammals) lack cytosolic Hsp100 proteins or any
comparable disaggregases [Richter et al., 2010].

1.7 Hsp70

The Hsp70 chaperone is one of the most conserved and central players in protein ho-
moeostasis in the cell. Hsp70 isoforms are present in the cytosol and in organelles like
mitochondria, chloroplasts and the endoplasmic reticulum. Hsp70s act on almost all
stages of proteostasis. Under physiological conditions, Hsp70s are involved in the de
novo folding of nascent polypeptides [Deuerling & Bukau, 2004]. Under stress, they
are upregulated and they prevent aggregation of unfolded proteins [Tyedmers et al.,
2010]]. Working down stream of chaperones like Hsp100s and sHsps, Hsp70 can also
actively refold misfolded or aggregated proteins [Mayer & Bukau, 2005]. Hsp70 typ-
ically consists of a nucleotide binding domain (NBD) and a substrate binding domain
(SBD) connected by an interdomain linker. The SBD consists of a $-sandwich sub-
domain which contains the peptide binding pocket and an «-helical lid. The transi-
tion between open and closed conformations of the SBD is central to the chaperoning
function of Hsp70. Crystal structures of both the open and closed conformations of
DnaK have been solved [Kityk et al., 2012; Zhu et al., 1996]]. The SBD of Hsp70 can
promiscuously bind all proteins that have an exposed stretch of seven, mainly hy-
drophobic amino acids in an extended conformation, preferably flanked by positively
charged amino acid residues [Zhu et al., (1996; Rudiger et al., |1997; Marcinowski
et al., 2011]. Hsp70s do not work alone in the cell, but interact with a variety of
co-chaperones belonging to the J-domain protein (Hsp40) family. The J-domain co-
chaperones play a role in targeting Hsp70s to the substrate proteins. The other set of
co-chaperones are nucleotide exchange factors. The affinity of Hsp70 for substrates
in the SBD is tightly coupled to ATP hydrolysis in the NBD. The allosteric communi-
cation between the NBD and the SBD has recently been resolved [Kityk et al., 2015].
In the ADP-bound state, the conformational equilibrium is shifted towards a closed
state with the NBD and SBD only connected via the interdomain linker and the sub-
strate tightly enclosed in the substrate binding pocket. Nucleotide exchange factors
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then catalyse the dissociation of ADP and ATP can bind subsequently bind the NBD.
ATP binding induces a conformational rearrangement of the domains such that the
SBD/3 domain docks to the NBD and results in the opening of the a-helical SBD lid.
This conformation has a low affinity for substrates but high release rates. The sub-
strates associate with the J-domain co-chaperones and bind with high rates to the
open conformation of Hsp70. Substrate binding induces the closing of the SBD« and
also leads to the dissociation of the docked SBD/5 from the NBD. This conformational
rearrangement, favours ATP hydrolysis and the cycle can repeat (Figure[1.2)).

Nt

JD{’%R ADP statelz%NE

y ¥,

!

Veuu? SBD[’I)

v,

ora\  ATPstate

-

Figure 1.2: Hsp70 conformational cycle. In the ADP state Hsp70 is in equilibrium
between the closed state with the substrate tightly bound and the transient open state.
NEFs catalyse the exchange of ADP with ATP. ATP binding leads to structural rearrange-
ments and docking of SBD (red) to the NBD (green). The lid of the SBD (magenta)
opens. In the ATP state, Hsp70 is in equilibrium between the open state and transient
closed state. J-domains recruit substrates and substrate binding leads to further confor-
mational changes. Substrates stimulate ATP hydrolysis and then the cycle can repeat.
Figure adopted from [Mayer & Kityk, 2015]

In yeast, the Hsp70 gene family comprises of fourteen genes, of which nine pro-
teins are cytosolic and five are compartment specific. The cytosolic Hsp70s in yeast
can be subdivided into 4 subfamilies. The major cytosolic sub-family in yeast is the
Hsp70-Ssa (Stress Seventy sub-family A), which consists of 4 members Ssal-4. The
Ssa subfamily is essential in yeast and the expression of at least one component is
required for viability [Werner-Washburne et al., 1987} |Stone & Craig, [1990]. Consti-
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tutively expressed Ssal and 2 are 97% identical to each other, while stress inducible
Ssa3 and 4 are 87% identical to each other [[Sharma et al., 2009]. In addition to the
Ssa subfamily, there are two cytosolic components of the Ssb subfamily, namely Ssb1
and Ssb2 which differ in only 4 amino acids. Ssb1 and 2 are involved in binding to
the translating ribosomes and nascent polypeptide chains [Peisker et al., 2010]. The
third sub-family comprises of Ssel and 2, of which Ssel is constitutive, while Sse2 is
stress-induced. Expression of at least one member of the Sse subfamily is essential
for viability in yeast. Despite being classified as Hsp70s, Ssel acts as a nucleotide
exchange factor for Hsp70 [Dragovic et al., 2006]]. The last cytosolic Hsp70 member
is the constitutively expressed Ssz1. Ssz1 is a component of the ribosome-associated-
complex (RAC) [Gautschi et al., 2001; Huang et al., [2005].

e Hsp40 (J-proteins)

The Hsp40 family of co-chaperones are very diverse and target Hsp70 to different
specific sites and functions. Simplistically, the J-proteins are thought to initially
bind the non-native substrate protein, thereby preventing its aggregation and de-
livering it to Hsp70. Typically, Hsp40 is an elongated V-shaped dimer consisting of
a conserved J-domain that activates the Hsp70 ATPase activity [Craig et al., [2006;
Hageman & Kampingal, 2009]. The various J-proteins differ significantly in the
remainder of their structure [Kampinga & Craig, 2010]. Typically, following the
J-domain there is a $-sub-domain that contains a surface exposed substrate bind-
ing site. Since Hsp40 interacts with the NBD as well as the CTD of Hsp70, client
transfer from Hsp40 to Hsp70 is mediated [Landry, [2003]. The substrates are then
delivered to Hsp70 for binding via the polypeptide backbone [Li et al., 2003}; Jiang
et al., |2007; Rodriguez et al., 2008]. In yeast, Ydjl is one of the most abundant
cytosolic J-protein. While Ydj1 is not essential for viability in yeast, the Ydj1 dele-
tion strain has a severe growth defect [[Caplan & Douglas, [1991]]. Ydj1 is thought
to interact with Ssal-2 and recruit them to protein folding on ER membranes [|Ca-
plan et al., [1992]. Ydj1 also plays well-established roles in driving client proteins
from Hsp70 to the Hsp90 machinery [Wegele et al., 2006; Flom et al., |2008].

e Nucleotide exchange factors (NEFs)

The other set of Hsp70 co-factors are the NEFs. Unlike J-proteins, which have a
common functional J-domain, the NEFs are structurally dissimilar. They can be
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grouped into 3 large groups, HspBP1-type NEFs, Hsp70-like NEFs, and Bag family-
NEFs. NEFs usually bind Hsp70 after ATP hydrolysis and catalyse ADP — ATP
exchange, resulting in lid opening and substrate release [[Schuermann et al.,|2008};
Polier et al., 2008}; Kampinga & Craig, 2010]. Despite their structural differences,
all NEFs interact with the ATPase domain of Hsp70.

The Hsp70-like NEF, Ssel, (also classified as Hsp110) [Raviol et al., 2006], is the
most abundant NEF in the yeast cytosol. Although Ssel is not essential for yeast
viability, deleting both Ssel and Ydjl causes lethality [[Shaner et al., [2006]. The
deletion of Ssel leads to a slight growth defect in yeast. Ssel binds Hsp70 with
a high affinity and the crystal structure for the complex has been resolved [Polier;
et al., |2008; Schuermann et al., 2008]. The crystal structures show that Ssel is
homologous to Hsp70, however it does not employ the nucleotide-dependent al-
losteric Hsp70 cycle. Instead Ssel functions as an ‘holdase’ and binds unfolded
proteins thereby preventing their aggregation. Additionally, Ssel has been impli-
cated to function as a Hsp90 co-chaperone [Liu et al., [ 1999]]. Owing to its role in
governing cellular stress responses with Hsp70, it has been recently described as a
principle NEF in yeast [Abrams et al., |[2014].

The other important NEFs are the Bag-family NEFs and in yeast this family repre-
sented by a single member called Snl1 [Sondermann et al., [2002]. Like all mem-
bers of this family, Snll contains a cytosolic Bag-domain that can interact with
Hsp70’s ATPase domain. Snll is tethered to the ER or the nuclear membrane via
its amino-terminal transmembrane domain. Deletion of Snll does not lead to any
growth defect, unlike the Ssel and Ydjl deletion. Snll is known to interact with
ribosomal proteins and plays a role in translation [Verghese & Morano, [2012]].

1.8 Hsp90

The Hsp90 molecular chaperone is evolutionarily conserved and highly abundant
comprising of about 1-2% of the total cellular proteins [Taipale et al., 2010]] under
physiological conditions. It is further up-regulated upon stress [Welch & Feramisco),
1982]. Unlike Hsp70 and the chaperonins, which interact with non-native polypep-
tides, Hsp90 binds partially folded proteins in a near-native state. Moreover, it is
an atypical chaperone, as it shows some specificity in the substrates (also known
as client proteins) it folds and does not promiscuously bind every non-native protein
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[Jakob & Buchner, 1994; Wandinger et al., 2008]. Hsp90 client proteins are key regu-
lators in various cellular processes including cell cycle control, cell survival, hormone
signalling and response to cellular stress, making Hsp90 indispensable for the cell.
Under stress conditions, Hsp90 binds unstable protein conformations and thus pre-
vents them from aggregation or inactivation [Rutherford & Lindquist, [1998]. Hsp90
also stabilizes proteins with unfavourable mutations, in turn playing a pivotal role in
evolutionary processes as mutations are buffered and the manifestation of mutations
is facilitated [Jarosz & Lindquist, 2010]. This very feature of Hsp90 is also exploited
by cancer cells as Hsp90 buffers oncogenic mutations and stabilizes oncogenic pro-
teins. It is thus regarded essential for cellular transformation and the progression
of cancer [Whitesell & Lin, 2012]. On the other hand, Hsp90 also plays a crucial
role in cellular defence against cancer by activating the tumor suppressor transcrip-
tion factor p53 and inhibiting the transcription factor HSF1 [Whitesell & Lindquist,
2009]. Many Hsp90 client proteins are deregulated in cancerous cells [Falsone et al.,
2004; Blagosklonny et al., [1996]. All these findings have put Hsp90 in the spotlight
of clinical research and understanding its molecular mechanism has become a crucial
requirement for the development of better therapeutic strategies.

1.8.1 Hsp90 homologues and localization

Hsp90 is present in almost all life forms (except Archea) and in almost all cellu-
lar compartment in eukaryotes. The bacterial Hsp90 (HtpG) is a relatively simple
chaperone that is dispensable for life. However, Hsp90 has evolved into one of the
most complex and sophisticated chaperone networks and is essential in all eukary-
otic cells. Most simple eukaryotes like, Drosophila and C.elegans have only a single
cytosolic Hsp90 [Johnson, |2012]]. In higher eukaryotes, predominantly two cytosolic
isoforms are present, stress inducible Hsp90« and constitutive Hsp905 [Langer et al.,
2003; Taherian et al., [2008; |Zuehlke et al., |2015]]. Plants express several additional
cytosolic isoforms [Kadota & Shirasu, 2012; Breiman, 2014]]. Notably S. cerevisiae
also has two cytosolic isoforms : the inducible Hsp82 and the constitutive Hsc82.
The isoforms are 97% identical, but are very differently regulated [Farrelly & Finkel-
stein, |1984; Borkovich et al., [1989]]. Apart from the abundant cytosolic isoforms, a
small pool of Hsp90 is also found in the nucleus. It is believed that Hsp90 translo-
cates into the nucleus with the client protein as Hsp90 itself does not harbour any
nuclear localization sequence [Pratt et al., [1993]]. While intracellular Hsp90 is a key
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player in protein homoeostasis, Hsp90 secreted outside the cell (extracellular Hsp90)
carries out varied functions like stimulating the immune system [|Oura et al., 2011],
promoting cell motility in wound healing and cancer cell invasion [Li et al., |2007;
Hance et al., 2014]. Apart form this, there are also several organelle-specific Hsp90
isoforms, like TRAP1 in the mitochondria [Felts et al., 2000}; Leskovar et al., [2008],
Grp94 in the endoplasmic reticulum [Frey et al., 2007; Dollins et al., 2007} [Marzec
et al., 2012] and Hsp90C in the chloroplasts in plant cells [[Trosch et al. |2015].
While in eukaryotes cytosolic Hsp90 requires the assistance of large cohort of helper
proteins called co-chaperones, its prokaryotic homologue seems to act on its own.
However, the structural organization and the mechanism of the ATPase cycle neces-
sary for the Hsp90 chaperone activity are conserved among cytosolic and organellar
species [Richter et al., 2008; Johnson, 2012].

1.8.2 Hsp90 structure and conformational dynamics

Hsp90 exist as a dynamic dimer and the dimerization is essential for its chaperoning
activity. The protomer consists of an N-terminal domain (NTD), followed by a flexible
charged linker region (CLR), a middle domain (MD), and finally a C-terminal domain
(CTD) with a MEEVD motif (Figure[1.3). The NTD is involved in nucleotide binding
and hydrolysis. The CLR plays an important role in Hsp90 function as mutations in
this region impair client activity and regulation by some co-chaperones [[Hainzl et al.,
2009; Jahn et al., 2014]. The MD also plays a concerted role in ATP hydrolysis to-
gether with the NTD. The CTD is essential for dimerization. All three domains (NTD,
MC and CTD) are involved in binding various co-chaperones and clients [Mayer &
Le Breton, 2015]. The MEEVD motif of the C-terminal end is an anchor for all the
co-chaperones that posses the TPR domain.

In its apo state (nucleotide free state), Hsp90 forms an open V-shaped dimer
called ‘open conformation’. Upon ATP binding, a series of structural changes ensue.
The lid segment of the NTD closes over the bound nucleotide. This leads to the dimer-
ization of the two NTDs via strand exchange [Ali et al., 2006] and formation of the
‘Closed 1’ state. The flexible loop of the MD then forms contacts with the nucleotide
binding pocket of the NTD inducing a twisted compact ‘Closed 2’ conformation [Huai
et al.,[2005; Richter et al.,[2008]] (Figure[1.4)).
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Open conformation Closed conformation
HtpG yeast Hsp90

Figure 1.3: Open and closed conformation of Hsp90. Crystal structures of Hsp90 from
E.coli (HtpG) in the open conformation (left, PDB 2I0Q) and closed nucleotide bound
conformation from yeast (right, PDB 2CG9) are shown. The NTD is blue, the MD is green
and the CTD is orange. CLR stands for charged linker region connecting NTD and MD.
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Figure 1.4: Conformational dynamics of Hsp90. ATP binding leads to the closing of
the lid segment of the NTD (lid closed). This conformation is the first intermediate in
which the lids are closed, but dimerization of the NTDs is yet to occur. The NTDs then
dimerize forming the closed 1 conformation, followed by MDs associating with the NTDs.
ATP hydrolysis occurs when Hsp90 reaches the closed 2 conformation. ADP and Pi are
then released and the N-domain dissociates and the cycle can repeat. Figure adapted

fom
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The nucleotide binding site is special because ATP is bound in a kinked confor-
mation. The nucleotide binding site in the NTD, together with parts of the MD form
the split-ATPase site [Ali et al., 2006; Richter & Buchner, |2011]. After ATP hydrol-
ysis, Hsp90 switches back to the open conformation, the hydrolysed nucleotide is
released and the cycle can repeat. The rate limiting step in this process is the N-
terminal dimerization and not ATP binding or hydrolysis itself. Altogether, the ATP
turnover rate of Hsp90 is extremely slow (1 per minute in yeast and 10 times slower
in humans), but the conformational changes during the ATPase activity are conserved
from yeast to man [Panaretou et al., 1998}; Hessling et al.,|2009; Richter et al., 2008]].
The CTD also undergoes rapid opening and closing movements exactly out of sync
with the NTD, suggesting that the dynamic changes in the NTD are communicated all
the way to the CTD [Ratzke et al., [2010]. While the bacterial HtpG conformation is
largely dictated by the nucleotide, the conformational dynamics in eukaryotic Hsp90
is complex. Independent of nucleotide binding, yeast Hsp90 can fluctuate between
two open and two closed conformations by thermal fluctuations and nucleotide bind-
ing only slightly changes the energy barrier within the different conformations. Thus
the eukaryotic Hsp90 can be envisioned as a probabilistic protein machine which
requires an array of co-chaperones to stabilize specific conformations [Ratzke et al.,
2012; Mayer & Le Breton, 2015].

1.8.3 Hsp90 co-chaperones

Eukaryotic Hsp90 is subject to elaborate conformational regulation by more than 20
co-chaperones (identified to date). While some of them have been well-characterized
with respective to Hsp90, most of their biological roles still remain enigmatic. The co-
chaperones can be grouped into those which modulate the ATPase activity of Hsp90,
those involved in recruiting the client proteins to Hsp90, those which co-ordinate
the interplay between Hsp90 and other chaperone systems and those which con-
tribute to the Hsp90 chaperoning function through their distinct enzymatic activities
[Rohl et al.,|2013]. These categories largely overlap making a disparate classification
impossible. The co-chaperones involved in client-recruitment generally prefer open
Hsp90 conformation, and with some exceptions, slow down the ATPase activity of
Hsp90 [Southworth & Agard, 2011} Gaiser et al., 2010; Kadota et al., [2010]. Most
of the co-chaperones prefer one of the conformational states of Hsp90 and hence are
thought to contribute to driving the dynamic conformational cycle. The largest group
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of co-chaperones are the TPR domain containing chaperones. TPR domains are de-
fined by tandem repeats of 34-amino acids which fold into seven a-helices and bind
to the -EEVD terminals of both Hsp70 and/or Hsp90 [Smith, 2004] (Figure[1.5).

Open conformation
HtpG

/, TPR co-chaperones

Cpr6

Closed conformation
yeast Hsp90
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Figure 1.5: Hsp90 co-chaperones prefer distinct conformations of Hsp90. Surface
representation of Hsp90 in the closed and open conformation is shown with co-chaperone
binding sites coloured. Stil: red, Sgtl: orange, Cdc37: light blue on the open Hsp90.
Ahal: blue, p23/Sbal: yellow, overlapping sites for Ahal and p23: purple. The TPR
domain is shown in the centre in complex with the C-terminal MEEVD motif (green).
The TPR co-chaperones are listed in green. Figure adapted from [Rohl et al., |2013].

Table 1.1: Hsp90 co-chaperones

Yeast Mammals | Hsp90- Function References
binding
Stil Hop1l MEEVD Connector binds Hsp70 and [IRéhl et al.l, |2015|; |Alvira|
motif, Hsp90, ATPase inhibitor for | let al., |2014; |Schmid et al.|
MD, NTD | Hsp90, stabilizes open state [2012; |Lee et al., 2012}
Ahal Ahal NTD MD | Hsp90 ATPase activator ﬂMeyer et al.l, |2004|; |Li et al.l,
[2013; [Retzlaff et all 2010;
RRehn & Buchner, 2015]
Hch1l MD (pu- | Hsp90 ATPase activator [IArmstrong et al.l, |2012|]
tative)
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Table 1.1: Hsp90 co-chaperones

Yeast Mammals | Hsp90- Function References
binding
Pptl PP5 MEEVD Phosphatase, client activation | [[Soroka et al, [2012;
motif Wandinger et al., |2006]
Cpr6 Cyp40 MEEVD Prolylisomerase, Chaperone | [Mayr et al., |2000; Pirkl &
motif activity Buchner;, [2001]]
Cpr7 MEEVD
motif
Sbal p23 NTD, MD | Hsp90-client-complex assem- | [Karagdz et al, [2011;
bly, client release, Hsp90 AT- | Richter et al., [2004; |Ali
Pase inhibitor et all [2006; |Martinez-
Yamout et al., |[2006; Rehn &
Buchner, [2015]]
Tah1,Pih1 | Tahl, MEEVD Component of the R2TP com- | [Eckert et al, [2010; Back
Pih1 motif plex, complex interacts with | et al., |2013; Jiménez et al.,
Hsp90 through Pih1 to medi- | [2012]
ate assembly
Cdc37 Cdc37 NTD Kinase specific co-chaperone, | [[Calderwood, 2015} Boczek
ATPase inhibitor et al., 2015 |Siligardi et al.|
2002[]
Sgtl Sgtl NTD Part of the ubiquitin ligase | [Ogi et al., [2015; Eckl et al.,
complex, adaptor for clients 2014; Johnson et al., |2014;
Zhang et al., |2008]]
Cnsl Cnsl MEEVD Function unknown [Tenge et al., 2015 Hainzl
motif et al.l 12004; Tesic et al.|
2003]]
e Stil

Yeast Stil (Stress inducible 1), known as Hopl (Hsp70 and Hsp90 organising pro-

tein) in higher eukaryotes, is one of the best characterized Hsp90 co-chaperone.

It is significantly upregulated upon stress [Nicolet & Craig, 1989; Eisen et al.,

1998]]. Stil is a TPR co-chaperone and is composed of three TPR domains and
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two aspartate-proline rich domains (DP domains). The protein consists of two
modules, the first consisting of TPR1-DP1, followed by the second consisting of
TPR2A-TPR2B-DP2. The crystal structure of these domains has been recently
solved [Schmid et al., |2012]. TPR1 and TPR2B are responsible for recognizing
Hsp70, while TPR2A is specific for Hsp90 [Scheufler et al., |2000; |Schmid et al.,
2012] (Figure ). Recent studies further show that Hsp90 regulates the con-
formation of Stil. Prior to Hsp90 binding, Stil is compact and the TPR2B has a
high affinity for Hsp70. Hsp90 binding induces a stretched conformation of Stil
and binding of Hsp70 switches to TPR1 [Rohl et al., 2015]]. The DP domains seem
to contribute to substrate activation [Schmid et al., [2012}; [Southworth & Agard,
2011]]. One monomer of Stil binding one Hsp90 dimer can completely inhibit the
Hsp90 ATPase activity [Lee et al., 2012} |[Schmid et al., 2012; Li et al., 2012]. The
inhibition is achieved by binding of the central element of Stil, to the C-terminal
end of Hsp90 and the Hsp90 middle domain which leads to a stabilization of the
open conformation of Hsp90 [Hessling et al., 2009; |Southworth & Agard, 2011].
Thus the inhibitory action of Stil is not by blocking access to the nucleotide bind-
ing site, but rather by restricting the conformational changes of Hsp90 which are
required for ATP hydrolysis. Thus Stil is thought to be a non-competitive inhibitor
of Hsp90 [Richter et al., |2003]. Thus, Stil/Hop1l physically connects both Hsp70
and Hsp90 machineries by binding both chaperones simultaneously at the TPR do-
mains and further facilitates client transfer to Hsp90 by restricting Hsp90 in an
open conformation. The exact mechanism of transferring a client protein from
Hsp70 to Hsp90, mediated by the mammalian Stil homologue, Hop1l shows that
the client is delivered to the opposite side than the Stil binding site on the Hsp90
dimer [Alvira et al., 2014]. The conformational flexibility of Stil and its parallel
interaction with Hsp70 and Hsp90 allow for efficient client transfer. In addition
to the structural influence of Hsp90, Stil as well as Hopl are also subjected to
inhibitory phosphorylation. In spite of not being essential for viability, Stil is still
under tight regulation [Rohl et al., 2015].

e Pptl

Protein Phosphatase-T is another TPR co-chaperone of Hsp90. The TPR domain
of Pptl suppresses the phosphatase activity of Pptl by blocking the access to its
active site. Upon binding to Hsp90 via the TPR domain, Ppt1 is activated and act
as a serine-threonine phosphatase that dephosphorylates Hsp90 and also Cdc37
[Vaughan et al],2008]] (Figure[1.6B). This dephosphorylation of Hsp90 is thought
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to affect its function and client activation in vivo. Pptl also regulates Hsp90 by
affecting its ATPase and co-chaperone binding activities [Wandinger et al., 2006;
Soroka et al., |2012]. Pptl is present both in the nucleus and cytoplasm and is
mainly expressed during logarithmic phase. In yeast Pptl is non-essential for vi-
ability but deletion affects the activity of Hsp90 clients. It has recently been sug-
gested that the TPR domain of Ppt1 interacts differently with the CTD of Hsp90
than other TPR co-chaperones and may be involved in more than just binding to
Hsp90 [Johnson et al.,|[2014].

p23/Sbal

p23/Sbal (increased sensitivity to benzoquinone ansamycins) is a small acidic
non-TPR protein. Structurally, p23 has a stably folded N-domain, organized as
a seven stranded (-sandwich followed by an unstructured C-terminal tail, which
could not be crystallized [Weikl et al., [1999; Ali et al., |2006]. p23 acts at a late
stage in the Hsp90 conformational cycle. Crystal structures in complex with Hsp90
show that p23 binds in a depression at the interface of the two Hsp90-N domains.
Additional interaction site with some residues in the Hsp90-M domain has also
been suggested [Ali et al., 2006; Li et al., 2013]. p23 also exerts long-distance con-
formational changes in the Hsp90-M domain distant from the expected binding site
[Martinez-Yamout et al., [2006; Karagoz et al., 2011]. p23 competes with Stil for
the M-domain binding site and this is important for the progression of the Hsp90
conformational cycle [Li et al., 2011]]. For p23-Hsp90 interaction to occur, Hsp90
must bind ATP, its molecular lid must be closed, its NTDs must associate with each
other, and its middle domain catalytic loop must dock with the NTD ATP-binding
pocket [Ali et al,[2006; Martinez-Yamout et al.,[2006] (Figure [1.60).

This conformational state is normally achieved transiently before ATP hydrolysis
[Richter et al., |2004]. As it traps Hsp90 in an ATP hydrolysis competent, transient
state, it inhibits the Hsp90 ATPase by about 50%, while stimulating ATP binding
[McLaughlin et al., 2006]]. Whether p23 inhibits the ATPase activity by deceler-
ating hydrolysis itself or by impeding the release of ADP and Pi or both is not
yet clear [Ali et al., 2006} Karagoz et al., 2011]]. p23/Sbal facilitates the binding
and maturation of client proteins by stabilizing the closed, normally transient con-
formation of Hsp90. The C-terminal unstructured tail of p23 plays an important
role in its chaperone activity [Weaver et al., 2000]]. It is know that p23/Sbal is
the limiting component for the stability of Hsp90-client protein heterocomplexes
[Morishima et al., [2003]. p23 also has Hsp90 independent functions and has been
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shown to modulate nuclear receptors and transcription factors [Echtenkamp et al.}
2011; Freeman & Yamamoto, [2002; Oxelmark et al., [2006]].

A Sti1 B Ppt1 C Sba1

Figure 1.6: Hsp90 co-chaperones prefer distinct conformations of Hsp90. (A) Stil
prefers and stabilizes the open conformation of Hsp90. Primary interaction site is the C-
terminal MEEVD with secondary contacts in the M-domain. (B) Ppt1 also binds Hsp90 via
its TPR domain at the C-terminal MEEVD motif. (C) p23/Sbal binds the closed Hsp90 at
the N-domain via its CS (p23-like) motif, and slows down ATP hydrolysis. Figure adapted
from [Li et al.,2012].

e Cpr6 and Cpr7

Cpr6 and Cpr7 of yeast and Cyp40 of mammals are homologous co-chaperones
that contain an amino-terminal peptidyl-prolyl isomerase (PPlase) and carboxyl-
terminal TPR domain. The PPlase domain catalyses the interconversion of the cis-
trans isomerization of peptide bonds prior to proline residues. The TPR domain,
on the other hand, mediates the interaction with the C-terminal MEEVD motif of
Hsp90 [Fanghénel & Fischer, 2004l (Figure [1.7A). In addition to the Hsp90 de-
pendent role, both proteins also have independent chaperone activity [Bose et al.,
1996; Freeman & Morimoto, 1996]. Cpr6 and Cpr7 share 38% amino acid identity
and 47% sequence homology [Duina et al., |[1996]. Despite this, the two proteins
differ significantly, both in vitro and in vivo and the carboxyl-terminal 100 amino
acids are critical determinants of their specific functions. [Zuehlke et al., [2013;
Tenge et al., 2015]]. While both proteins are constitutively expressed, only Cpr6
is upregulated upon stress [Dolinski et al., 1998]]. Cpr6 has a stronger PPlase ac-
tivity, while Cpr7 is a better chaperone, however the physiological implications of
these differences are not yet understood [Mayr et al., 2000]. Deletion of Cpr7
in yeast causes retardation of growth, but no growth defects are associated with
Cpr6 deletion [Duina et al., 1996]]. In the recent years, Ura2, a protein involved
in pyrimidine synthesis has been shown to be a substrate for Cpr6. Cpr6 inter-
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acted with Ura2 via its TPR domain, even in the absence of Hsp90, while Cpr7
TPR domain did not interact [Zuehlke et al., 2013]]. Cpr6 has also been shown
to form a complex with Hsp90 and Stil, thus integrating it in the Hsp90 cycle [Li
et al., |2011]]. Cpr7, on the other hand, is thought to play a role in modulating
the nucleotide-dependent conformational changes of Hsp90 by mediating proper
signalling of nucleotide bound state to the C-terminal. It also regulates the inter-
action of Hsp90 with other co-chaperones like Cpr6 [Zuehlke & Johnson, |2012].
While both co-chaperones interact with the ribosome, it has been postulated that
Cpr7 has ribosomal functions in unstressed cells, and the over-expression of stress-
inducible Cpr6 may disrupt Cpr7 function by competing for Hsp90 or ribosomes
[Tenge et al., 2015]]. Thus Cpr6 and Cpr7, despite being homologues, likely per-
form overlapping but non-redundant tasks in the cell.

Ahal and Hchl

Ahal stands for Activator of Hsp90 ATPase and was identified as a Hsp90 co-
chaperone, based on a homology search of Hch1 (High Copy suppressor of Hsp90
temperature sensitive mutants). Canonical Ahal is composed of two domains con-
nected by a linker peptide that is 40 amino acids, whereas Hch1 is a single domain
corresponding to the Ahal N terminal domain. The Ahal-N domain shares 36%
sequence identity and 50% homology to Hch1l. While Ahal is conserved from
yeast to man, Hch1l is only present in lower eukaryotes [Panaretou et al., 2002;
Lotz et al., ) 2003]]. Ahal interacts with Hsp90 in an inverted manner, such that the
Ahal N-terminal domain binds the M-domain of Hsp90 and the Ahal C-terminal
domain binds the NTD of Hsp90 [Meyer et al., 2004; Retzlaff et al., 2010; [Koulov;
et al},[2010] (Figure[1.7B). The Ahal-Hsp90 interaction is salt-dependent and nu-
cleotide independent, however Ahal binds with a higher affinity to the closed
conformation of Hsp90. Ahal and Hchl activate the ATPase activity of Hsp90,
although the Ahal-N domain and Hch1 alone do so to a lower extent. Isolated
Ahal-C domain cannot stimulate the Hsp90 ATPase activity, although it enhances
the effect of the Ahal-N domain [Hessling et al., 2009}, Retzlaff et al., 2010]. Both
Ahal and Hch1 share a conserved RKxK motif which is involved in the remodelling
of the catalytic loop of Hsp90 and facilitates ATP hydrolysis. One full length Ahal
molecule is essential and sufficient for full stimulation of Hsp90 [Retzlaff et al.,
2010]. Binding of Ahal accelerates N-terminal dimerization of Hsp90 and acti-
vates ATP hydrolysis in both N-domains of the Hsp90 dimer. Recently it has been
suggested that the human homologue of Ahal has Hsp90-independent chaperone
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activity, for which the first 22 amino acids are crucial. These residues are missing
in the yeast homologue, which does not have chaperoning activity [Tripathi et al.,
2014]. Ahal-client relationships have also suggested a role for Ahal in promoting
disposal of defective proteins by targeting them to degradation [Wang et al., 2006}
Tripathi et al., [2014]. Deletion of Hch1, but not Ahal confers resistance to Hsp90
inhibitors [[Armstrong et al., 2012]. Additionally, a mutation in the catalytic loop
of Hsp90 specifically impairs Ahal but not Hch1, suggesting that proteins inter-
act with the Hsp90 catalytic loop in different ways [Horvat et al., 2014]. Thus,
Ahal and Hchl, despite their homology in the N-terminal domain, may have very
different roles in vivo.

e Tahl and Pih1l

Tah1l (TPR-containing protein associated with Hsp90) and Pih1 (Protein Interact-
ing with Hsp90) are two further client-specific Hsp90 co-chaperones and have been
mainly described in context of chromatin remodelling complexes and small nuclear
ribo-nucleoprotein (RNP) maturation [[Zhao et al., 2005, 2008]. Tah1 is a TPR co-
chaperone, however the TPR domain of Tahl is unusual. TPR domains typically
consist of three TPR motifs and a C-terminal cap helix. The Tah1l-TPR domain
however, only consists of two TPR motifs and a C-terminal cap helix but can still
interact with the C-terminal MEEVD motif of Hsp90 [Jiménez et al., 2012]]. The
minimal TPR domain of Tahl is followed by an unstructured region. In case of
Pih1l, two domains have been identified: the N-terminal Pih1l (32-166) domain
and the C-terminal CHORD-SGT1 (CS) domain [[Manival et al., 2014]]. Pih1 alone
is unstable and is degraded from its N-terminus. The aggregation-prone property
of Pih1 mainly results from its C-terminal sequence. Pih1 being so unstable, can
even be used as a degradation tag in yeast [Jiménez et al., 2012]]. The C-terminal
region of Tahl interacts with the C-terminus of Pih1 thereby stabilizing it [Zhao
et al., 2008; Jimenez et al., [2012]. Tah1-Pih1l and Hsp90 can form a ternary com-
plex in which Tah1 interacts with the C-terminal MEEVD motif of Hsp90 and the
C-terminus of Pih1. Pih1 additionally forms contacts with the M-domain of Hsp90
(Figure [1.7[C). Tah1 alone is a weak activator of the Hsp90 ATPase activity. The
Tah1-Pih1 complex however, inhibits the ATP hydrolysis of Hsp90 and arrests the
Hsp90 cycle [Eckert et al, 2010; Millson et al., 2008]. This step is considered
essential to prepare Hsp90 to take over clients involved in RNP assembly. Recent
studies have also highlighted the importance of phosphorylation of the human Pih1
in client recruitment to Hsp90 [Pal et al., 2014].
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A Cpr6/Cpr7 B Aha1 C Tah1-Pih1

Figure 1.7: Hsp90 co-chaperones prefer distinct conformations of Hsp90. (A) Cpr6
and Cpr7 are TPR co-chaperones that interact with the C-terminal MEEVD motif of
Hsp90. (B) Ahal prefers the closed conformation of Hsp90 and forms contacts to the
NTD and the MD of Hsp90 in an inverted manner. (C) Tahl is a TPR co-chaperone and
interacts with the C-terminal MEEVD motif of Hsp90. The C-domain of Tah1l mediates
interaction with Pih1. Figure adapted from [Li et al., 2012].

Cdc37

Cdc37 (Cell Division Cycle 37 homologue) is a kinase-specific co-chaperone that
acts early in the Hsp90 chaperone cycle [Roe et al.,|2004; Gaiser et al., 2010]. Sim-
ilar to Stil, it stabilizes the open conformation of Hsp90 and inhibits the ATP hy-
drolysis. Structural studies have shown that Cdc37 binds to surfaces of the Hsp90
N-domain implicated N-terminal dimerization and association with the MD. Thus
by precluding N-terminal dimerization and blocking access of the catalytic loop
of the middle domain with the ATPase binding pocket, it fixes the ATP lid in an
open conformation and prevents closing of the Hsp90 molecule [Roe et al., 2004,
Shao et al.,[2001}; [Siligardi et al., 2002} |Gaiser et al.,2010]] (Figure[1.8A). Notably,
Cdc37 does not influence the nucleotide accessibility of Hsp90 [Eckl et al., [2013].
Ahal and Cdc37 can bind Hsp90 simultaneously, but do not directly interact. On
the other hand, Sbal and Cdc37 are mutually exclusive in Hsp90 binding. Similar
to Stil, Sbal also competes with Cdc37 to bind to Hsp90 and drives the conforma-
tional cycle further [Siligardi et al., [2004; [Eckl et al., [2013]. Cdc37 is important
for chaperoning kinases and recruits them to the Hsp90 machinery [Taipale et al.,
2012]. Early on, Cdc37 was found as a part of the Hsp90-v-Src kinase complex
[Dey et al., |1996; |Stepanova et al., [1996]. The N-terminal domain of Cdc37 is
involved in kinase binding. Its activity is strictly controlled by phosphorylation of
its Ser 13 (Ser 14 in yeast), which is important for client processing [|Shao et al.,
2003}; Vaughan et al., 2006]]. Recent biophysical studies also show that the phos-
phorylation induces a compact structure of Cdc37 which might be crucial for its
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client recruiting properties [Liu & Landgraf, 2015]. The phosphorylated form of
Cdc37 was also shown to essential for the activation of v-Src [Boczek et al., [2015]].
Unlike the co-chaperones discussed above, Cdc37 is essential for viability in yeast
[Turnbull et al., 2005]]. It also functions as a chaperone itself with possible Hsp90-
independent functions [Kimura et al.,|1997; MacLean & Picard, [2003; Echtenkamp
& Freeman, [2012].

e Cnsl

Cns1 (Cyclophilin seven suppressor) was discovered as a suppressor of a severe
growth defect caused by deletion of Cpr7 [Marsh et al., [1998]]. Similar to Stil,
Cns1 also has three TPR domains and interacts with both Hsp70 and Hsp90 (Fig-
ure [1.8B). It shares a weak homology of 24% and sequence identity of 18% with
Stil. However, unlike Stil and most other TPR co-chaperones, Cns1 is essential
for viability in yeast. It is not upregulated upon stress and, compared to Stil, it is
a poorly expressed protein in yeast [[Dolinski et al., [1998; |Ghaemmaghami et al.,
2003}, [Kulak et al., |2014]]. While it has no effect on the ATPase activity of Hsp90,
Cnsl acts as a potent activator of Hsp70 ATP hydrolysis [Hainzl et al., 2004]]. Cns1
and Cpr7 also interact with the ribosome, however the functional relevance of this
interaction is not completely clear [Tenge et al., 2015]]. Genetic interaction studies
have shown that overexpression of Cpr7 can suppress temperature sensitivity of
Cnsl mutants. Cns1 and Cpr7 are also thought to interact in the absence of Hsp90
[Tesic et al., 2003]. All this support the notion that Cns1 and Cpr7 share an im-
portant function in vivo, however their cellular functions are not simply redundant
but may only partially overlap.

o Sgtl

Sgtl (Suppressor of G2 allele of skp1) has been studied intensively in plants [Taka-
hashi et al., 2003; Kadota et al., |2008; Wang et al., 2015]]. Sgtl contains an
amino-terminal TPR domain, a CS (CHORD and Sgt1l) domain and a conserved
Sgt1-specific-carboxy-terminal (SGS) domain. Despite being a TPR co-chaperone,
the interaction with Hsp90 does not occur via its TPR domain but through a CS
(CHORD and Sgtl) domain which is structurally similar to p23 [Lee et al., 2004;
Kadota et al.,[2008};Zhang et al.,[2008]] (Figure[1.8(C). The binding site is located in
Hsp90-NTD however Sgtl preferentially binds Hsp90 in the absence of nucleotide.
Unlike p23, the interaction of the CS domain with Hsp90 does not affect the lid and
has no influence on the ATPase activity of Hsp90 [|Catlett & Kaplan, 2006; Botér

24



1.8 Hsp90

et al., 2007]. In plants, Hsp90 and Sgtl form a ternary complex with another
co-chaperone, Rarl, which acts as a co-remodulator in plant immunity [Kadota
& Shirasu, [2012]]. The CHORD domains of Rarl bind to the two NTDs of Hsp90
and stabilize the open conformation. Sgtl can interact with this Rar1-Hsp90 com-
plex and recruit clients. ATP binding can take place in this conformation as the
lid of Hsp90-NTD is very flexible [Zhang et al., |2010b; Kadota & Shirasu, [2012);
Blacklock & Verkhivker, 2014]. The TPR domain of Sgt1 is involved in recruiting
clients. Sgtl also plays a role in maturation of NLR (nucleotide-binding site and
leucine-rich repeat domain) proteins [Austin et al., 2002]. The interaction with
the leucine-rich protein repeats is mediated via its SGS domain [Stuttmann et al.,
2008]]. Sgt1 is essential for viability in yeast. It has been recently shown that the
nematode Sgtl homologue binds Hsp90 in the absence of nucleotides, but more
strongly in the presence of ATP, suggesting that Sgt1 might interact with open and
closed conformations of Hsp90, albeit with different affinities [Eckl et al., 2014].

A Cdc37 B Cns1 Cc

Figure 1.8: Hsp90 co-chaperones prefer distinct conformations of Hsp90. (A)Cdc37
interacts with open Hsp90 via its C-terminal domain. The N-terminal binds kinases. (B)
Cnsl1 is a TPR co-chaperones and interaction to Hsp90 is mediated via the MEEVD motif.
The representation of Cnsl is based on unpublished results. (C) Sgtl, despite being a
TPR co-chaperone, interacts with Hsp90 at the NTD via its CS domain. The TPR domain
binds clients. Figure adapted from [Li et al., [2012].

1.8.4 Post-translational modifications of Hsp90

Hsp90 being an influential chaperone, is under very stringent regulation. In addition
to the co-chaperone modulators, a second layer of regulation of the Hsp90 function is
provided by post-translational modifications. To date many modifications have been
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discovered for Hsp90 including, phosphorylation, acetylation, nitrosylation, SUMOy-
lation, glycosylation and even methylation (reviewed extensively in [Mollapour &
Neckers, 2012]). These modifications affect the ATPase activity, co-chaperone bind-
ing, conformational dynamics and almost every facet of Hsp90 function. Phosphory-
lation is the best studied and most frequent modification on Hsp90. Phosphorylation
sites localized in all three domains of Hsp90 have been identified so far. Modifica-
tions in the CTD of Hsp90, can influence the ATPase activity in the NTD, suggesting
that phosphorylation plays a role in long distance communication within the Hsp90
molecule [Retzlaff et al.|, 2009; Martinez-Ruiz et al., [2005]]. Typically, phosphoryla-
tion reduces the chaperone function of Hsp90 and slows down the conformational ki-
netics [Soroka et al.,2012]. Different kinases are involved in phosphorylating Hsp90,
some of which even require Hsp90’s assistance to fold themselves. Additionally, the
Hsp90-Cdc37 complex is also regulated by phosphorylation, imparting directionality
to the Hsp90 cycle [Xu et al., [2012]. Phosphorylation of Ahal promotes its interac-
tion with Hsp90 and have important consequences for Hsp90-dependent chaperon-
ing of client proteins [Dunn et al., 2015]]. Mammalian Hsp90 has also been found to
be acetylated at many sites, which can influence client maturation and co-chaperone
binding [Scroggins et al., |2007; de la Rosa et al., |2014]. Nitrosylation inhibits client
activation in vivo and ATPase activation in vitro [Martinez-Ruiz et al., 2005; Retzlaff
et al., |2009]. SUMOylation in the Hsp90-NTD, facilitates the recruitment of Ahal
[Mollapour et al., [2014]]. Finally, methylation has also been reported for Hsp90 and
is thought to play a role in human carcinogenesis [Donlin et al., 2012; Hamamoto
et al., 2014]. Thus PTMs offer further complexity in regulating Hsp90 and act as
switch points for allosteric communication.

1.8.5 Hsp90 clients

In addition to the huge cohort of co-chaperones, another feature that sets Hsp90
apart from all other chaperones is its set of substrate proteins. While Hsp90 shows
some specificity in its client proteins, to date more than 300 client proteins have
been identified for Hsp90 (for an updated list see [Picard, 2015]]). Since Hsp90
client proteins belong to diverse functional and structural protein families, it has not
been possible to identify any common sequence or domain among them that Hsp90
might recognize. Two criteria common to all the Hsp90 client proteins are, first,
they interact with Hsp90 and second, the inhibition of Hsp90 leads to a decrease
in client stability and activity. The interaction with the Hsp90 machinery enables
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their correct folding, activation, transport and even degradation [Pratt et al., [2006;
Picard et al.,|1990; Pratt, 1990; [Young et al., [2003; Whittier et al.,[2004; Wang et al.,
2006]]. Recent work on Tau and the glucocorticoid receptor have led to the notion
that Hsp90 does not require any specific client structure but it binds proteins which
have hydrophobic residues scattered over a large surface area [Karagoz et al., 2014;
Lorenz et al., 2014; Karagoz & Riidiger, 2015]. Hsp90 client proteins belong to
various functional classes, the most predominant and well-studied ones being nuclear
receptors and protein kinases [Joab et al., [1984; Ziemiecki et al., 1986} |Smith & Toft,
1992; Xu & Lindquist, [1993; Wayne et al., 2011}; Taipale et al., 2012]]. Besides these,
there are also E3 ligases [Taipale et al.,[2012], transcription factors, including the key
activator of the heat shock response, HSF1 and the tumor suppressor p53 [Zou et al.,
1998} Walerych et al., 2004]]. By interacting with its substrate proteins, Hsp90 also
plays a key regulatory role in processes such as innate and adapted immune response
[Li et al.,|2002; Mayor et al., 2007; Proia & Kaufmann, 2015], protein transport and
secretion by interacting with components of the Rab GTPase cycle [[Chen et al., 2005}
Lotz et al., |2008]], DNA repair [Pennisi et al., 2015] and RNA processing [Boulon
et al., [2008; |Zhao et al., 2008; Miyoshi et al., 2010]. These examples just provide
a glimpse into the enormous diversity of the Hsp90 client proteins. Due to its far-
reaching influence Hsp90 has emerged as a promising target for anti-cancer and anti-
fungal therapeutics [Taldone et al., 2014; |Veri & Cowen, 2014]. The precise mode
of action of Hsp90 and its ability to chaperone such diverse proteins still remains
a hot topic of investigation. The intrinsic conformational flexibility of Hsp90 and
the ‘tool-box’ of co-chaperones together with post-translational regulation seems to
contribute to the plasticity of Hsp90 in chaperoning its diverse ‘clientele’. The client
proteins used in this study are listed in the following section (Table[1.2]).

Table 1.2: Hsp90 client proteins used in this work

Class Name Abbr. References
Steroid  hormone | Glucocorticoid receptor GR [Paul et al. 2014; [Lorenz
receptors et al.,|2014]
Androgen receptor AR [Fang et al., |1996; Rao et al.,
2001}; [Paul et al.,[2014]
Progesterone receptor PR [Sun et al., |2012; [Paul et al.,
2014; Kosano et al.,|1998]]
Estradiol receptor ER [Oxelmark et al., 2003} [Fliss
et al.,|2000]]
Mineralocorticoid recep- | MR [Faresse et al., 12010; [Paul
tor et al.,|2014]
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Table 1.2: Hsp90 client proteins used in this work

Class Name Abbr. References
GR F602S GRle [Bledsoe et al.,|2002; Kirschke
et al., 2014
GR A605V, M752T, | GR9a [Seitz et al., [2010; [Lorenz
V702A, E705G, F602S et al.,2014]
Kinases Viral Src kinase v-Src [Xu & Lindquist, [1993;
Panaretou et all [2002}
Boczek et al., 2015]]
cellular Src mutants c-Src3M [Boczek et al.,|2015]]
c-SrcBMAC

e Steroid hormone receptors (SHRs)

Steroid hormone receptors are bona fide and the best studied Hsp90 client pro-
teins. These receptors, upon activation by steroid hormones, undergo conforma-
tional changes and translocate from the cytosol to the nucleus. In the nucleus they
can function as transcription factors which turn on specific target genes, thus af-
fecting development, homoeostasis and metabolism of an organism [Evans, 1988].
The SHRs domain structure consist of an N-terminal variable domain, a DNA-
binding domain (DBD) followed by a variable hinge region which connects the
DBD to the C-terminal ligand binding domain (LBD) [Kumar & Thompson, |1999]
(Figure [1.9). The DBD is highly conserved and is responsible for binding to the
specific DNA sequence called hormone response element (HRE) thus enabling the
SHRs to act as transcription factors. The LBD, as the name suggests, is involved in
hormone binding and is also important in binding to Hsp90.

The SHRs belonging to the subfamily 3 of nuclear receptors, classified on the basis
of their function and mechanism, have been used in this study. [Mangelsdorf et al.,
1995]. These include the glucocorticoid receptor (GR),the mineralocorticoid re-
ceptor (MR), the estrogen receptor-a (ER), the progesterone receptor (PR) and the
androgen receptor (AR). The SHRs require Hsp90 to reach their hormone-activable
conformation. In brief, the partially folded SHR is passed on from the Hsp70 to
the Hsp90 machinery. Hsp90, together with a large cohort of co-chaperones forms
and ‘holds’ the SHR in their mature conformation compatible for ligand binding.
The receptors are predominantly localized in the cytosol and shuttle to the nu-
cleus upon hormone binding (AR and GR). Alternatively, they can be present in
the hormone-bound and unbound form in the nucleus (ER and PR). MR without
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Figure 1.9: Schematic representation of the domain structure of SHRs. Each of the
SHRs, have an N-terminal domain (NTD, blue), a DNA-binding domain (DBD, red), a
hinge region (orange) and a ligand-binding domain (LBD, green). The NTD and the
hinge regions are variable, while the DBD and LBD are conserved among the SHRs. The
numbers indicate domain boundaries according to UniProt IDs: ER-P03372, GR-P04150,
AR-P10275, PR-B-P06401 and MR-P08235.

bound-hormone is present in equal amount in the cytosol and nucleus [Echeverria

& Picard,, |2010]. The import in the nucleus is mediated by the nuclear localization
signal (NLS) located in the variable region and the LBD [Picard et al., 1990; Picard|
& Yamamoto, [1987; Zhou et al., 1994]. The NLS is hidden by bound chaperones
and is exposed only upon hormone binding. Evolutionarily, GR and MR show the

highest sequence homology, followed by PR, AR and ER with decreasing homology
[Mangelsdorf et al.,[1995].

During the last decades several distinct complexes with SHRs, Hsp90 and co-
chaperones have been shown [Smith, 1993; Scherrer et al., [1992; Pratt, 1992;
Lorenz et al., 2014]. The Hsp90 chaperone cycle has been best described for GR
and PR. According to reconstitution experiments, a SHR must pass through three
different complexes. SHR first binds Hsp40 which recruits it to Hsp70. This forms
the ‘early complex’. Stil/Hop1 binds to Hsp70 and Hsp90 simultaneously. It stabi-

lizes the open conformation of Hsp90 and inhibits its ATPase activity, thus enabling
the transfer of the SHR from Hsp70 to Hsp90. While this mechanism has been es-
tablished for GR, it is not clear whether all SHRs are transferred in this way. This

forms the ‘intermediate’ complex [Cintron & Toft, |2006]. Recent work using so-
phisticated biophysical methods like FRET, aUC and NMR have shown that the
other TPR site of Hsp90 can be occupied by PPlases, leading to an ‘asymmetric
complex’ [[Southworth & Agard, 2011; Lorenz et al., 2014; Mayer & Le Breton,
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2015; Ratajczak et al., |2015]]. The association of p23 and ATP in the next step
leads to the closing of Hsp90 and the dissociation of Hsp70 and Hsp40 and Stil
forming the ‘late complex’. Another PPlase or TPR co-chaperone can then bind the
free MEEVD domain. Drastic conformational changes of Hsp90 from the open to
the compact conformation then ensue and ATP is hydrolysed. After ATP hydrolysis,
p23 and the PPlases are released and the cycle can repeat. A general schematic
representation of the Hsp90 cycle for SHRs is shown in Figure [1.10]
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Figure 1.10: Hsp90 cycle for SHRs. A simplistic model for the Hsp90 chaperone cycle

for SHRs is shown. Figure adopted from 2013]]

The mammalian PPlases FKBP52, FKBP51 and CyP40 are found to some degree in
all receptor complexes [Barent et al., 1998; Ratajczak et al., 2015], but they seem
to be selected by specific client proteins. FKBP51 preferentially interacts with PR,
GR and MR while CyP40 is found in complex with ER [Davies & Sanchez, 2005}
Riggs et al., 2007, [2003; Tranguch et al., 2005]. FKBP52 leads to an increase in
hormone binding affinity by GR, but this function is not essential for GR activation
[Pratt & Toft, 2003]]. The function of the co-chaperones in the SHR complexes is

thus not well understood and this open area of investigation is the basis of this
work.
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e V-Src

v-Src is a viral kinase belonging to the Src kinase family of non-receptor tyrosine
kinases, which play an important role in many signal transduction pathways. It
is the first identified and one of the most stringent Hsp90 client proteins [Brugge
et al., 1981]]. Additionally, v-Src is also the first identified oncogene [Rous, 1911].
Infection of chicken with the Rous sarcoma virus triggers malignant tumors of
connective tissue, which is due to the constitutive activity of v-Src. The human
homologue of this viral kinase is called cellular Src kinase (c-Src), with which it
shares 98% homology [Stéhelin & Graf, 1978]]. c-Src is normally inactive in the
cells and can be activated by phosphorylation under certain conditions. Unlike
its viral homologue, c-Src is dependent on Hsp90 only in its nascent state and
dissociates quickly after kinase folding is achieved [Xu et al., 1999]. It has therefore
been classified as non-client protein of Hsp90. v-Src on the other hand, stably
binds Hsp90 and stringently depends on Hsp90 for its activation [Brugge, |1986;
Xu & Lindquist, [1993; Xu et al., 1999]. c-Src is quite resistant to chemical as
well as thermal denaturation, contrary to v-Src which is already unstable at body
temperature [Boczek et al., [2015].

Unique domain

N-term lobe
:| Kinase domain

-term lobe

Figure 1.11: Schematic representation of the domain structure of Src kinases. The
N-terminal unique domain is shown in grey. SH3 in green, SH2 in red. The kinase
domain N-terminal lobe is shown in purple, while the C-terminal lobe is blue. A long
C-terminal extension is also denoted which is missing in c-Src3MAC. Yellow (*) denote
the mutations in the c-Src constructs. Two are in the SH3 and one in the kinase domain.
Figure adapted from [Boczek et al., [2015].

Src kinases consist of a unique domain followed by SH3 and SH2 domains and a
flexible linker which connects the SH2 domain with a highly conserved kinase do-
main (Figure[1.11)). c-Src has an additional stretch at its C-terminus that includes
a tyrosine at position 527, whose phosphorylation status regulates its kinase activ-
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ity [Cooper et al., 1986]. v-Src differs from c-Src by several point mutations and
is missing the C-terminal “regulatory” stretch. Due to these differences, v-Src can-
not be down regulated and is constantly active leading to its pathological effects
[Reynolds et al., 1987} Takeya & Hanafusa, 1983]]. c-Src can be turned into v-Src
by introducing point mutations and deleting the C-terminal, and several of these
mutants have been linked to cancer progression and metastasis in humans [Kato
et al., 1986; Miyazaki et al., [1999] Despite the close homology, v-Src and c-Src
show a completely different model for chaperone dependence. This hints towards
stability and conformation of the client being important for substrate recognition
by Hsp90 [Citri et al., 2006; Hikri et al., 2009; Boczek et al., 2015]. The co-
chaperone Cdc37 was always found in a complex with Hsp90 and v-Src, as well as
other kinases [Stancato et al., |1994; Stepanova et al., [1996]]. Therefore Cdc37 is
referred to as a kinase specific co-chaperone [Mandal et al., 2007]]. As mentioned
previously, Cdc37 is thought to recruit kinases to Hsp90 [Boczek et al., 2015].
The phosphatase PP5 (yeast Pptl) associates with the Hsp90-kinase-Cdc37 ternary
complex and regulates the phosphorylation states of Cdc37 [Vaughan et al., 2008].

1.9 The Hsp70-Hsp90 cycle

Summarizing the state-of-the-art knowledge that we have about Hsp90 machinery
and its modes of regulation, a dynamic conformational Hsp90 cycle fuelled by ATP
hydrolysis can be assembled (Figure[1.12)). Based on our understanding it is apparent
that Hsp70 must act earlier than Hsp90 as it has a high affinity for short hydrophobic
stretches [Karagoz & Rudiger, [2015; Mayer, 2013]. ‘Connector’ co-chaperones like
Stil can act as a scaffold for the client transfer to occur. However, given the fact
that Stil is not essential for viability in yeast and its role has been mainly defined in
context of GR and v-Src, there could be alternative client transfer pathways in the cell
[Alvira et al., |2014; Lotz et al., 2003]]. Moreover, in spite of the universal presence
of co-chaperones, there isn’t a single one preserved in all species [Johnson & Brown,
2009].

It is apparent from the model that the current picture of the Hsp90 system is
far from complete. While some of the co-chaperones have been characterized as
client-recruiters, or Hsp90 modulators, most of them have not been “fitted” in the
Hsp90 chaperone cycle. While some co-chaperones bind the same domain of Hsp90
or bind different Hsp90 conformations, sterical overlap and competition for binding
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1.9 The Hsp70-Hsp90 cycle

Hsp90 cycle

Figure 1.12: Hsp70-Hsp90 chaperone cycle. Newly synthesized and/or partially folded
proteins are delivered to Hsp70 in complex with Hsp40 (Ydjl). Hsp70 machinery can
process non-client proteins on its own (Hsp70 cycle). Hsp90-client proteins like GR are
transferred from the Hsp70 to the Hsp90 machinery through the adaptor protein Stil.
For the progression of the cycle, Ahal (magenta) and PPlase (grey) synergistically lead
to the exit of Stil and form an asymmetric chaperone complex. Ahal accelerates the
N-terminal dimerization of Hsp90. Binding of p23/Sbal replaces Ahal and stabilizes a
fully closed Hsp90 conformation. Upon ATP hydrolysis, p23 is released and the cycle
repeats. Figure adapted from [Li et al., 2012, |2013; [Mayer & Le Breton, 2015].

sites restricts the combinations of co-chaperones that can bind to Hsp90 at the same
time [SSiligardi et al., [2004; Harst et al., 2005]]. For instance, Hsp90 forms ternary
complexes with Ahal and Cpr6, but not Ahal and Cpr7 [Li et al., [2013], suggesting
that only certain co-chaperone combinations may form. The exact role and contribu-
tion of the co-chaperones in client maturation is not completely clear. The emerging
picture is that the Hsp70-Hsp90 chaperone cycle is largely dictated by the client pro-
tein. In other words, the co-chaperones seem to customize the Hsp90 cycle to fit
the requirements of the client proteins (reviewed in [Li et al., |2013]). Thus, despite
major contributions in deciphering the molecular mechanism of Hsp90, a thorough
understanding of the role of co-chaperones for client maturation remains enigmatic.
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1. INTRODUCTION

1.10 Objectives

The aim of this work is to deepen our understanding of the Hsp90 machinery, espe-
cially the role of co-chaperones in the client activation process. Extensive research
over the past decades has uncovered the central importance of Hsp90 in numerous
cellular pathways. The diversity of the client proteins has made Hsp90 a potential
target for many therapeutic strategies [Taldone et al., |2014]. However, several key
questions remain unanswered. For instance, how does Hsp90 recognize its client pro-
teins? How can Hsp90 chaperone such a wide diversity of clients and yet have some
specificity unlike the promiscuous Hsp70? And most importantly, how does the large
repertoire of Hsp90 co-chaperones contribute to the activation of client proteins.
While a lot is known about the modulation of Hsp90’s conformational dynamics by
co-chaperones, the client side of the story is still relatively unexplored.

In this work, we asked two main questions, first, are the client proteins dependent
on specific Hsp90 co-chaperones for their maturation? And second, if yes, then how
are the co-chaperones affecting this process? To this end, we used Saccharomyces
cerevisiae to systematically study several bona fide Hsp90 clients in co-chaperone
deletion strains. The Hsp90 system is conserved between yeast and man (see Table
[1.1). Thus, we chose to study the chaperone activity of Hsp90 and its co-chaperones
in a simple cellular context while maintaining homologous interactions within the
chaperone complexes. Most Hsp90 co-chaperones are not essential for viability in
yeast. Therefore the respective deletion strains are excellent tools to study the in-
fluence of the co-chaperones on the activation and/or maturation of a specific client
proteins in vivo. For studying the essential co-chaperones, other ‘knock-down’ strate-
gies were used. Over the last decades, scattered information has been generated
for several of these client-co-chaperone dependencies in different background yeast
strains. However, a comprehensive analysis of these proteins is largely missing. The
objective of this work is to investigate well-known Hsp90 client proteins in a single
background yeast strain in order to get a thorough knowledge of how the Hsp90
chaperone machinery is customized to serve different client proteins in a similar en-
vironment. Among the client proteins chosen for this study, are also five members of
the SHR family. This gives us an opportunity to observe the similarities and differ-
ences in the chaperone requirements within a single family as well as among different
protein classes. Based on the systematic screen of client-co-chaperone dependen-
cies, the molecular action of some client-co-chaperone pairs is further investigated in
depth.
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Materials and methods

2.1 Materials

2.1.1 Chemicals

Chemicals

Origin

2-Mercaptoethanol

2-Nitrophenyl B-D-galactopyranoside
(ONPG)

2-Propanol
4-(2-hydroxyethyl)-1-piperazine ethane-
sulfonic acid (HEPES) Pufferan®
5’-Fluoroacetic acid (5’-FOA)

Acetic acid glacial

Acrylamide/Bis solution, 19:1 (40% w/v)
Adenosine 5’-diphosphate (ADP) di-
sodium salt hydrate

Adenosine 5-triphosphate (ATP) di-
sodium salt hydrate

Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)

Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)

Fermentas (St. Leon-Rot, Deutschland)
Roth (Karlsruhe, Germany)

Serva (Heidelberg, Germany)

Roche (Mannheim, Germany)

Roche (Mannheim, Germany)
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2. MATERIALS AND METHODS

Chemicals

Origin

Adenosine 5’-(8,y-imido)triphosphate
(AMPPnP) lithium salt hydrate
Adenosine-5’-0-(3-thio-triphosphate)
(ATP~S) lithium salt hydrate

Agar Agar SERVA Kobel powder research
grade

Agarose SERVA research grade

Amino acids

Ammonium persulfate (APS)

Ampicillin sodium salt

Bacto™ Peptone Enzymatic Digest of
protein

Bromophenol blue sodium salt

Coomassie SERVA blue research grade
D(+)-Glucose monohydrate
Deoxycorticosterone (DOC)
Deoxyribonucleotidetriphosphate (dANTPs)
Dithiothreitol (DTT)

di-Sodium hydrogen phosphate dihydrate
Difco™ Yeast Nitrogen Base w/o

Amino Acids

Dimethylsulfoxid (DMSO)

Dipotassium phosphate trihydrate

DNA Stain G

Dodecylsulfate-Na-salt research grade

Roche (Mannheim, Germany)

Roche (Mannheim, Germany)

Serva (Heidelberg, Germany)

Serva (Heidelberg, Germany)
Sigma-Aldrich (St. Louis, USA)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Becton, Dickinson & Company
(Sparks, USA)

Merck (Darmstadt, Germany)
Serva (Heidelberg, Germany)
Merck (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, USA)
Roche (Mannheim, Germany)
Roth (Karlsruhe, Germany)
Merck (Darmstadt, Germany)
Becton, Dickinson & Company
(Sparks, USA)

Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
Serva (Heidelberg, Germany)
Serva (Heidelberg, Germany)

(SDS)

Ethanol Roth (Karlsruhe, Germany)
G418-Sulphate, Geneticin GibcoBRL (Karlsruhe, Deutschland)
Galactose Merck (Darmstadt, Deutschland)
Geldanamycin

Glucose Merck (Darmstadt, Deutschland)
Glycerine Roth (Karlsruhe, Germany)

Roth (Karlsruhe, Germany)
Sigma-Aldrich (St. Louis, USA)
AppliChem (Darmstadt, Germany)

Hydrochloric acid

Imidazole
Isopropyl-S-D-thiogalactopyranoside
(IPTG)

Kanamycin Sulfate 750 U/mg

Serva (Heidelberg, Germany)
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2.1 Materials

Chemicals

Origin

LB-Medium Powder

Lithium acetate

Magnesium chloride hexahydrate
Magnesium sulphate

Methanol

Milk powder blotting grade
N’N’N’N’-Tetramethylethylenediamine
(TEMED)
Nicotineamide
(NADH)
Orange G

adenine dinucleotide

Phosphoenolpyruvate (PEP)
Phosphoric acid

Polyethylene glycol (PEG) 4000 for synthe-
sis
Polyethylene-exorbitant-monolaureate
(Tween-20)

Ponceau staining solution

Potassium chloride

Potassium dihydrogen phosphate
Protease Inhibitor mix HP, FY, G
Radicicol

Raffinose

Salmon sperm DNA

Sodium chloride

Sodium dihydrogen phosphate monohy-
drate

Sodium hydroxide

Titriplex® (EDTA)
Tris-(hydroxymethyl)-aminomethane,
TRIS, Pufferan®

Triton X-100

Urea

Xylene-cyanol blue

Yeast Extract

Yeast Nitrogen Base (YNB)

YPD Broth

Serva (Heidelberg, Germany)
Roth (Karlsruhe, Germany)
Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)
Roth (Karlsruhe, Germany)

Roche (Mannheim, Germany)

Sigma-Aldrich (St. Louis, USA)
Roche (Mannheim, Germany)
Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)

Merck (Darmstadt, Germany)

Serva (Heidelberg, Germany)
Roth (Karlsruhe, Germany)
Merck (Darmstadt, Germany)
Serva (Heidelberg, Germany)
Sigma-Aldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
Sigma-Aldrich (St. Louis, USA)
Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)

Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
Roth (Karlsruhe, Germany)

Merck (Darmstadt, Germany)
Merck (Darmstadt, Germany)
Roth (Karlsruhe, Germany)
Merck (Darmstadt, Germany)
Difco (Detroit, USA)

Roth (Karlsruhe, Germany)
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2. MATERIALS AND METHODS

Chemicals Origin
B-Estradiol Sigma-Aldrich (St. Louis, USA)
Hormones

11- deoxycorticosterone (DOC)
Aldosterone

Estradiol

Progesterone
Dihydroxy-testosterone

Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)
Sigma-Aldrich (St. Louis, USA)

2.1.2 Laboratory equipment and consumables

Laboratory equipment

Manufacturer

Autoclaves and Laboratory ovens
Autoclave
60° oven
Sanoclav

Blotting devices
Chromatography paper 3 mm Chr
ImageQuant LAS 4000

Roti® -PVDF, pore size 0.25 um
Semi-dry blotting chambers
Western Bright™ ECL-Spray

Centrifuges and rotors

Analytical ultracentrifuge Optima XL-A
Avanti J25 and J26 XP

JA-10, JA-25.50 rotors

Heraeus Fresco 17

Mikro 20, Universal 16R/320R,

Rotina 420R

Tabletop centrifuge 5415C

Chromatography systems
Akta FPLC; UPC906; P920

Memmert (Biichenbach, Germany)
Binder (Tuttlingen, Germany)

Wolf (Bad Uberkingen-Hausen, Germany)

GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)
Roth (Karlsruhe, Germany)

Biometra (Gottingen, Germany)
Advansta (Menlo Park, USA)

Beckman (Krefeld, Germany)
Beckman Coulter (Brea, USA)
Beckman (Krefeld, Germany)
Heraeus (Hanau, Germany)

Hettich Zentrifugen (Tuttlingen, Germany)

Eppendorf (Koln, Germany)

GE Healthcare (Chalfont St. Giles, UK)
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2.1 Materials

Laboratory equipment

Manufacturer

Superloop™

Columns for Chromatography
HAT 2.5 ml

His MultiTrap FF 5 ml
Resource-Q 6 ml

16/60 Superdex 75 pg 120 ml
16/60 Superdex 200 pg 120 ml

SDS-electrophoresis devices
Mighty Small dual gel caster

TB1 Thermoblock

Mighty Small II SE/SE260 chambers
Hamilton syringes

Electrophoresis power supplies
EPs 601, 1001, 3500

PCR cyclers

MJ Mini Personal Thermocycler
Primus

Gel documentation systems
Bio-Doc IITM gel documentation system
ImageQuant 4000

pH-meter
pH electrode Multi cal®

Pipettes and accessories

Automatic multi-channel pipette (200 ul)
Pasteur pipettes (230 mm)

Pipetboy

Pipetman® (10, 20, 200 and 1000 1)
MagRack 6

Refrigerators and ice machines
Economy, Premium, Comfort

GE Healthcare (Chalfont St. Giles, UK)

GE Healthcare (Chalfont St.
GE Healthcare (Chalfont St.
GE Healthcare (Chalfont St.
GE Healthcare (Chalfont St.
GE Healthcare (Chalfont St.

Giles, UK)
Giles, UK)
Giles, UK)
Giles, UK)
Giles, UK)

GE Healthcare (Chalfont St. Giles, UK)
Biometra (Gottingen, Germany)

GE Healthcare (Chalfont St. Giles, UK)
Hamilton (Switzerland)

GE Healthcare (Chalfont St. Giles, UK)
Bio Rad (Hercules, USA)

MWG Biotech (Ebersberg, Germany)

Biometra (Gottingen, Germany)
GE Healthcare (Chalfont St. Giles, UK)

WTW (Weilheim, Germany)

VWR International (Darmstadt, Germany)
VWR International (Darmstadt, Germany)

Gilson (Middleton, USA)
GE Healthcare (Chalfont St. Giles, UK)

Liebherr (Bulle, Switzerland)
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2. MATERIALS AND METHODS

Laboratory equipment Manufacturer

Ice machine Ziegra Eismaschinen (Hannover, Germany)
Refrigerator Bosch (Gerlingen, Germany)

Ultra low temperature freezer New Brunswick Scientific (Enfield, USA)
Freezer —80°C Sanyo (San Diego, USA)

Scales

SI1-4002 Denver Instrument (New York, USA)
Universal, BL310, BP1215 Saratorius (Gottingen, Germany)

Shaking and mixing devices

Certomat® RM Sartorius (Gottingen, Germany)

Magnetic stirrer with heating MR 3001 Heidolph (Schwabach, Germany)

Polymax 1040/2040 Heidolph (Schwabach, Germany)

Reax control vortexer Heidolph (Schwabach, Germany)

Roller mixer Stuart™ SRT6D Stuart Equipment (USA)

Thermomixer compact/comfort Eppendorf (Hamburg, Germany)

Tube mixer New Brunswick Scientific (Enfield, USA)

Variomag Monoshake (96-well) H+P Labortechnik
(OberschleiRheim,Germany)

Vortex MS2 IKA (Wilmington, USA)

Incubators

Incubators New Brunswick Scientific (Enfield, USA)

Water bath Haake F6-K Haake (Karlsruhe, Germany)

Absorption spectrophotometers

Cary 50/100 Bio UV-Vis Varian (Palo Alto, USA)

Nano Drop® ND-1000 Peqlab (Erlangen, Germany)

Sunrise absorbance reader Tecan (Salzburg, Austria)

Genios Microplate reader Tecan (Salzburg, Austria)

Ultraspec 1100 pro GE Healthcare (Chalfont St. Giles, UK)

Cell disruption machines

Basic Z cell disruption system Constant systems (Warwick, UK)
Silent crusher M Heidolph (Schwabach, Germany)
Swing mill MM400 Retsch® (Haan, Germany)
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2.1 Materials

Laboratory equipment

Manufacturer

Consumables

Cellulose acetate filter (pore size: 0.45
pm)

Concentrator Amicon® (MWCO: 10, 30
kDa)

Dialyse Membrane Spectra/Por Dialysis
(MWCO: 6-8000 Da)

Eppendorf reaction tubes (0,25 ; 1,5; 2
ml)

Glass pearls and balls

Mega Block 96-Well, 1.2 ml, PP

Micro assay plate, chimney 96 well
Ni-Sepharose™ HP Beads

Petri dishes

pH-indicator

Plastic cuvettes (10 x 4 x 45 mm)

Quartz cuvettes (10 mm)

Tissue culture plate, 96-well, flat bottom
with lid

Sartorius (Gottingen, Germany)
Merck (Darmstadt, Germany
SpectrumLabs (Breda, Netherlands)
Eppendorf AG (Hamburg, Germany)

Roth (Karlsruhe, Germany)

Sarstedt (Newton, USA)

Greiner Bio-one (Frickenhauesn, Germany)
GE Healthcare (Chalfont St. Giles, UK)
Greiner Bio-one (Frickenhauesn, Germany)
Merck (Darmstadt, Germany)

Sarstedt (Newton, USA)

Hellma®

Sarstedt (Newton, USA)

2.1.3 Antibodies

Antibodies

Source

Rabbit polyclonal antibodies against
yeast proteins

Hsp82, Stil, Pptl, Sbal

Cpr6, Ahal, Hchl, Tahl

Cpr7

Tahl

Pih1

Rabbit polyclonal antibodies against
SHRs

GR (P-20) sc-1002

Pineda Antibody Services, Berlin
Pineda Antibody Services, Berlin

Jill Johnson

W.Houry, University of Toronto, Canada
W.Houry, University of Toronto, Canada

Santa Cruz Biotechnologies, (Santa Cruz

USA)
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2. MATERIALS AND METHODS

Antibodies

Source

PR (H-190) sc-7208
AR (H-280): sc-13062
MCR (H-300):sc-11412
ERa (MC-20):sc-542
huGR (N499)

GR

MR

ER

Others mouse antibodies
Monoclonal PGK

Monoclonal  Phosphotyrosine  (clone
4G10)

Polyclonal GFP

Monoclonal HA clone HA-7
Monoclonal avian-Src EC10
Secondary monoclonal antibodies
anti-mouse-POD conjugate
anti-rabbit-POD conjugate

Pierce™ Anti-HA Magnetic Beads

Santa Cruz Biotechnologies, (Santa Cruz
USA)

Santa Cruz Biotechnologies, (Santa Cruz
USA)

Santa Cruz Biotechnologies, (Santa Cruz
USA)

Santa Cruz Biotechnologies, (Santa Cruz
USA)

Keith Yamamoto, University of California, San
Francisco, CA

Pineda Antibody Services, Berlin

Pineda Antibody Services, Berlin

Pineda Antibody Services, Berlin

Invitrogen (Karlsruhe, Germany)
Millipore (Bedford, USA)

Roche
Sigma
Millipore (Bedford, USA)

Sigma (St. Louis, USA)
Sigma (St. Louis, USA)
Pierce Biotechnology (Rockford, USA)

2.1.4 Enzymes, standards and kits

Name

Source

Alkaline Phosphatase
Pfu-DNA-Polymerase
Pwo-DNA-Polymerase

GoTaq® DNA polymerase

Phusion® High-Fidelity DNA Polymerase
T4 DNA Ligase

Roche (Mannheim, Germany)
Promega (Mannheim, Germany)
Roche (Mannheim, Germany)
Promega (Madison, USA)

NEB (Frankfurt, Germany)
Promega (Madison, USA)
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2.1 Materials

Name

Source

T4 DNA Polymerase

Q5® High-Fidelity DNA Polymerase
Restriction enzymes

DNA-Standard peqGOLD 1 kb with Or-
ange G

Pre-stained protein marker IV

DNase

Salmon sperm DNA

Lyticase from Anthrobacter luteus
Lactate dehydrogenase (LDH) from rabbit
muscle

Pyruvate kinase (PK)

Proteinase K

Wizard® Plus SV Minipreps DNA Purifi-
cation System

Wizard® SV Gel and PCR Clean-Up Sys-
tem

Site-Directed Mutagenesis Kit

NEB (Frankfurt, Germany)
NEB (Frankfurt, Germany)
Promega (Madison, USA)
Peqlab (Erlangen, Germany)

Peqglab (Erlangen, Germany)
AppliChem (Darmstadt, Germany)
Roche (Mannheim, Germany)
Sigma-Aldrich (St. Louis, USA)
Roche (Mannheim, Germany)

Roche (Mannheim, Germany)
Sigma-Aldrich (St. Louis, USA)
Promega (Madison, USA)

Promega (Madison, USA)

Stratagene (La Jolla, USA)

2.1.5 Oligonucleotides

Primer name

Sequence

GRE-Fwd
GRE-rev
FLAG-huGR-BamHI-Fwd

huGR-Xhol-Rev
FLAG-huAR-BamHI-Fwd

huAR-Xhol-Rev
FLAG-huPR-BamHI-Fwd

huPR-Xhol-Rev
FLAG-huER-BamHI-Fwd

huER-XhoI-Rev

gatccagaacaaaatgttctg

cagaacattttgttctggatc
gatcgtggatccgattacaaggatgacgacgataagatggacteca
aagaatc
gatctgctcgagtcacttttgatgaaacagaagttttttgatatttec
gatcgtggatccgattacaaggatgacgacgataagatggaagtge
agttagg

gatctgctcgagtcactgggtgtggaaatagatggge
gatcgtggatccgattacaaggatgacgacgataagatgagecggt
ccggatg
gatctgctcgagtcactttttatgaaagagaaggggtttcace
gatcgtggatccgattacaaggatgacgacgataagatgacccteca
cacc

gatctgctcgagtcagaccgtggcagggaaaccectce
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2. MATERIALS AND METHODS

Primer name

Sequence

FLAG-ratMR-Spel-Fwd

ratMR-EcoRV-Rev
3xFLAG-GR-BamHI-f

Strep-GR-BamHI-f
HA-GR-BamHI-f
6His-GR-BamHI-f
c-Myc-GR-BamHI-f
HA-AR-BamHI-f
HA-ER-BamHI-f
HA-PR-Spel-f
HA-MR-Spel-f
HA-v-Src-BamHI-f

v-Src-Xhol-r
Ahalterm-Xhol-r
v-Src-Bem-HAFwd
v-Src-Bem-HArev
GR-RTPCR fwd
GR-RTPCR rev
eGFP-RTPCR fwd
eGFP-RTPCR rev
Tah1Fwd-FLIC
Tah1Rev-FLIC
Pih1Fwd-FLIC
Pih1Rev-FLIC

P-5’-bluntBamHI-HAFwd
P-5’-bluntBamHI-HARev
colPCR-ARrev
colPCR-GRrev
colPCR-PRrev

gatcgtactagtgattacaaggatgacgacgataagatggaaacca
aaggc

gatcgtgatatctcactttctgtgaaagtaaaggggtttgg
gatcgtggatccatggactacaaagaccatgacggtgattataaaga
tcatgatatcgattacaaggatgacgatgacaagagceggcatggact
ccaaagaatc
gatcgtggatccatgtggagecaccegeagttcgaaaaaageggea
tggactccaaagaatc
gatcgtggatccatgtacccatacgatgttccagattacgetagegge
atggactccaaagaatc
gatcgtggatccatgggcagcagcecatcatcatcatcatcacageag
cggcatggactccaaagaatc
gatcgtggatccatggaacaaaaacttatttctgaagaagatctgag
cggcatggactccaaagaatc
gatcgtggatccatgtacccatacgatgttccagattacgetageggc
atggaagtgcagttagg
gatcgtggatccatgtacccatacgatgttccagattacgetagegge
atgaccatgaccctc
gtagctactagtatgtacccatacgatgttccagattacgcetagegge
atgagccggtecgggtg
gatcgtactagtatgtacccatacgatgttccagattacgcetagegge
atggaaaccaaaggc
gatcgtggatccatgtacccatacgatgttccagattacgetagegge
atggctagcatgggg
gatctgctcgagetactcagegacctccaacacacaage
gatctgctcgagegeggatgecgtacagaactac
gattacgctagcggeatggetageatggggage
tggaacatcgtatgggtacatggatccactagttctagaateeg
cagtgtgcttgctcaggagagggg
ggtgctttggtetgtggtatacaatttcacattgee
geggceattttgectteetgtttttgetcacce
ggtatggcttcattcageteegg
cagagaacagattggtggatccatgagccaatttgaaaageag
cagtggtggtggtggtggtgctcgagtcaggaceggtegtatee
cagagaacagattggtggatccatggecegatttcttattgag
cagtggtggtggtggtggtgctcgagttatatatatatatatagtgtge
gttetttg

gatcatgtacccatacgatgttccagattacgctagegge
gatcgccgetagegtaatetggaacategtatgggtacat
ctgagtcatcctegteegg

gettgeetgacagtaaactgtgee

ggaagtcgctatagagaggg
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2.1 Materials

2.1.6 Plasmids

2.1.6.1 Bacterial plasmids

Vector Insert Source
pET28a Hsp82 Hessling, TU Miinchen
pET28a Ahal Richter, TU Miinchen
pRSETa Cpr6 Prodromou, University of Sussex, UK
pET28a Pptl Soroka, TU Miinchen
pET28a Hch1l Li, TU Miinchen
pRSETa Cpr7 Li, TU Miinchen
pETSUMO Tahl This work
pETSUMO Pih1 This work
pETHalo rMR-LBD-WT This work
pETHalo rMR-LBD-C805S This work
2.1.6.2 Yeast plasmids
Vector Insert Source
Plasmid name Description Source
p415GPD Empty vector LGC Standards GmbH (We-
sel, Germany)
pRS313 Empty vector LGC Standards GmbH (We-
sel, Germany)
p413GPD Empty vector LGC Standards GmbH (We-
sel, Germany)
p413GPD human GR GR-Expression plasmid, | Schmid, TU Miinchen
GPD-Promoter
p413GPD human AR AR-Expression plasmid, | Schmid, TU Miinchen
GPD-Promoter
p413GPD rat MR MR-Expression plasmid, | Schmid, TU Miinchen
GPD-Promoter
p413GPD human ER ER-Expression plasmid, | Schmid, TU Miinchen

GPD-Promoter
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Vector

Insert

Source

p413GPD human PR

p413GPD human HA-GR

p413GPD human HA- AR

p413GPD rat HA-MR

p413GPD human HA-ER

p413GPD human HA-PR

p413GPD human FLAG-GR

p413GPD human FLAG-AR

p413GPD rat FLAG-MR

p413GPD human FLAG-ER

p413GPD human FLAG-PR

p413GPD human His-GR

p413GPD human Strep-GR

p413GPD human c-Myc-GR

p413GPD human GFP-GR

p413Gall human GR

pUCASS-26X

pASERE

PR-Expression
GPD-Promoter
HA-GR-Expression plasmid,
GPD-Promoter
HA-AR-Expression plasmid,
GPD-Promoter
HA-MR-Expression plasmid,
GPD-Promoter
HA-ER-Expression plasmid,
GPD-Promoter
HA-PR-Expression plasmid,
GPD-Promoter

plasmid,

FLAG-GR-Expression  plas-
mid, GPD-Promoter
FLAG-AR-Expression plas-
mid, GPD-Promoter
FLAG-MR-Expression plas-
mid, GPD-Promoter
FLAG-ER-Expression plas-
mid, GPD-Promoter
FLAG-PR-Expression  plas-

mid, GPD-Promoter
His-GR-Expression plasmid,
GPD-Promoter
Strep-GR-Expression
mid, GPD-Promoter
c-Myc-GR-Expression plas-
mid, GPD-Promoter
GFP-GR-Expression plasmid,
GPD-Promoter

plas-

GR-Expression plasmid,
galactose inducible Pro-
moter

[-Galactosidase-Reporter
plasmid for GR, MR, PR, AR
p-Galactosidase-Reporter
plasmid for ER
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2.1 Materials

Vector

Source

p413Gall v-Src WT

p413Gall v-Src 3M

p413Gall v-Src 3M delta C

p413Gall c-Src WT

p426GPDAGal

Insert
v-Src-Expression  plasmid,
galactose inducible Pro-
moter

v-Src 3M-Expression plas-

mid, galactose inducible
Promoter
v-Src 3M delta C-Expression

plasmid, galactose inducible

Promoter
c-Src-Expression  plasmid,
galactose inducible Pro-
moter

[-Galactosidase-Expression
plasmid, GPD-Promoter

Boczek, TU Miinchen

Boczek, TU Miinchen

Boczek TU Miinchen

Boczek, TU Miinchen

Schmid, TU Miinchen

2.1.7 Media

2.1.7.1 Bacterial media

Medium Constituents Concentration
LB medium LB 20 g/1
dYT NaCl 5 g/1
Yeast Extract 10 g/1
Tryptone/Peptone 16 g/1
Additives Ampicillin 200 pg /mlin ddH,O
Kanamycin 75 pg /mlin ddH.O
for plates Bacto-Agar 2% w/v
Auto-induction medium
(1L
958 ml ZY tryptone 1%
yeast extract 0.5%
20ml 50 x M NayHPO, 25 mM
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Medium Constituents Concentration
KH>HPO,4 25 mM
NH4Cl 50 mM
NaySO4 5 mM

20 ml 50 x 5052 Glycerol 0.5%
Glucose 0.05%
a-Lactose 0.2%

2ml 1M MgSOy4 MgSOy 2 mM

0.2 ml 1000 x trace elements 0.2x

trace elements

2.1.7.2 Yeast media

Medium Constituents Concentration

YPD-medium YPD 50 g/1

Minimal medium (CSM) YNB 6.7 g/1
Selective amino acid mix 0.87 g/1
Glucose/ Galactose/ Raffi- | 20 g/1
nose

Selective amino acid mix | Adenine 0.5g/1
Arginine 2g/1
Aspartate 2g/1
Histidine 2g/1
Leucine 10 g/1
Lysine 2g/1
Methionine 2g/1
Phenylalanine 2g/1
Threonine 2g/1
Tryptophan 2g/1
Tyrosine 2g/1
Uracil 2g/1

Additives: G418-Sulfate 200 mg/1
5-FOA 1g/1

for making YPD/ CSM plates | Bacto-Agar 2% w/v
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Medium Constituents Concentration
PLATE-Solution Sterile 45 % PEG 400 90 ml

1 M LiOAc 10 ml

1 M Tris-HCI (pH 7,5) 1 ml

0,5 M EDTA 0.2 ml

2.1.8 Buffers

Name Composition

SDS-polyacrylamide electrophoresis
Lammli sample buffer (5x) 300 mM Tris/HCI, pH 6.8

10 % (w/v) SDS

50 %(v/v) Glycerine

0.05 % (w/v) Bromophenol blue
5 % (v/v) 3-Mercaptoethanol

Separating gel buffer (4x) 1.5 M Tris/HCI, pH 8.8
0.8 % (w/v) SDS

Stacking gel buffer (2x) 250 mM Tris/HCI, pH 6.8
0.4 % (w/v) SDS

SDS-PAGE running buffer (10x) 250 mM Tris, pH 8.0
1% (w/v) SDS
2 M Glycine

Coomassie staining
Fairbanks A 25 % (w/v) Coomassie Brilliant Blue R 250
25 % (v/v) Ethanol

8 % (v/v) Acetic acid

Fairbanks D 25 % (v/v) Ethanol
8 % (v/v) Acetic acid
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Name

Composition

Western blotting
Western blot transfer buffer

PBS (10x)

PBS-T

Stripping buffer

[B-Galactosidase assay
Sodium Phosphate buffer

Before lysis add

ONPG

Yeast lysis
Native lysis buffer

Denaturing lysis buffer

50 mM Tris/HCl, pH 7.5
40 mM Glycine

0.04% (w/v) SDS

20% (v/v) Methanol

40 mM KH2P04
160 mM NagHPO4
1.15 M Nacl

1x PBS
0.1 % (w/v) Tween

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

82 mM Na,;HPO,, pH 7.5
12 mM NaH;PO4
0.1% SDS

4 mg/ml in Sodium phosphate buffer

10 mM Tris/HCI, pH 8.5
50 mM NaCl

5 mM EDTA

15 mM MgCl,

8 M Urea

5% SDS

40 mM Tris/HCI, pH 7.5
0.1 mM EDTA
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Name

Composition

Protein purification
Hsp82 and co-chaperones
Ni-NTA buffer A

Ni-NTA buffer B

Res-Q buffer 1

Res-Q buffer 1

HAT buffer 1

HAT buffer 2

SEC buffer Hsp90

SEC buffer co-chaperones

rMR-LBD

50 mM Na 2HPO,, pH 7.8
300 mM NaCl
20 mM Imidazole

50 mM NagHPO4

300 mM NaCl

300 mM Imidazole
NaOH/H3POy, pH 7.8

40 mM HEPES, pH 7.5
20 mM KCl

1 mM EDTA

1 mM DTT

40 mM HEPES, pH 7.5
1 M KCl

1 mM EDTA

1 mM DTT

20 mM K-phosphate, pH 7.5
1 mM DTT

500 mM K-phosphate, pH 7.5
1 mMDTT

40 mM HEPES, pH 7.5
150 mM KCl

5 mM MgCl,

1 mM DTT

40 mM HEPES, pH 8

300 mM KCl
1 mM DTT
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Name Composition
MR-Ni-NTA-A buffer 50 mM Tris/HCI, pH 8.0
200 mM Nacl

MR-Ni-NTA-B buffer

TEV-dialysis buffer

MR-SEC buffer

Labelling-dialysis buffer

aUucC
Sample preparation buffer

ATPase assay
ATPase assay buffer

10 mM Imidazole
2 mM [-Mercaptoethanol
10% Glycerol

50 mM Tris/HCI, pH 8.0
200 mM NaCl

500 mM Imidazole

2 mM [-Mercaptoethanol
10% Glycerol

50 mM Tris/HCIL, pH 8.0
50 mM NaCl

0.5% CHAPS

2 mM [-Mercaptoethanol
10% Glycerol

50 upM corticosterone

20 mM Tris/HCI, pH 8.0
200 mM NacCl

5 mM DTT

10% Glycerol

1 uM corticosterone

20 mM HEPES
150 mM KCl
0.04% (w/v) CHAPS

20 mM KCl
5 mM MgCl,
5 mM DTT

50 mM HEPES/KOH pH 7.5

150 mM KClI
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2.2 Molecular biological methods

Name

Composition

ATPase premix (2x)

10 mM MgCl,

4328 ml ATPase assay buffer
240 ul PEP

48 ;1 NADH

12 ul PK

44 ul LDH

2.1.9 Computer software and programmes

Name

Source

Adobe Reader 8.0
Adobe Illustrator CS4
Adobe Photoshop CS4
BioEdit

Image J

LaTeX

Mendeley

Microsoft Office 2007
Origin 8, 8.6

Sedfit

Xfluor™

Adobe Inc. (San Jose, USA)

Adobe Inc. (San Jose, USA)

Adobe Inc. (San Jose, USA)

Ibis Biosciences (Carlsbad, USA)
Wayne Rasband (NIH, Bethesda, USA)
Leslie Lamport (LPPL)

Elsevier (Amsterdam, Netherlands)
Microsoft (Unterschleilheim, Germany)
OriginLab (Northampton, USA)

Peter Schuck (NIH, Bethesda, USA)
Tecan (Salzburg, Austria)

2.2 Molecular biological methods

The Polymerase Chain Reaction (PCR) amplified open reading frames (ORFs) were
purified using gel extraction or PCR purification kits and were specifically cut using
restriction enzymes. DNA was again purified using gel extraction. The purified DNA
fragment was then ligated into the respective vector, which was also excised using

the same restriction enzymes. Details of the procedure are outlined below.
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2.2.1 Polymerase Chain Reaction (PCR)

For cloning different constructs, different polymerases namely, Phusion® High-Fidelity
DNA Polymerase, Pfu DNA Polymerase, GoTaq® DNA polymerase were used and the
buffer and protocols were adjusted according to manufacturer’s instructions. PCR
products were separated by gel electrophoresis and the band of the right size was
excised out of agarose gels and purified using a gel extraction Kit.

2.2.2 Restriction digestion

The entire purified PCR product or 5 ug plasmid DNA was specifically cleaved using
restriction enzymes. 1 ul of each enzyme was used in a 100 pl final reaction volume.
Restriction digestion was usually done overnight at 37°C.

2.2.3 Purification of DNA fragments: Gel extraction

The restriction digested DNA fragments were separated on preparative 1% agarose
gels. Gel slices containing the DNA of the required size were cut out from Stain
G stained gels under the UV lamp. The DNA was extracted from the gels using
the Wizard® SV Gel and PCR Clean-Up System according to the manufacturer’s
instructions.

2.2.4 Conventional ligation and transformation

The ligation ratios used were 1:3 or 1:6 (vector to insert). The vector and insert were
mixed in a 1.5 ml tube and heated to 50°C for 10 seconds to break secondary DNA
structures and immediately kept on ice. 1 ul 10x T4 Ligase buffer, 1 ul ATP and 1
il T4 DNA ligase were added to the DNA and the final volume of the reaction was
adjusted to 10 pl. The ligation reaction was incubated overnight at 20°C followed by
transformation into chemically competent E. coli cells (Section[2.2.7).

2.2.5 One-step sequence and ligation-independent cloning (SLIC)

Primers for PCR were constructed using the NEBuilder® Assembly Tool. PCR prod-
uct and vector were digested using suitable restriction enzymes and gel purified as
described above. 100 ng digested vector was mixed with 40 ng PCR insert, together
with NEB Buffer 2, BSA, and T4 Polymerase (NEB) in a 10 pl reaction. The reaction
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was incubated at room temperature for 2.5 min and put on ice for 10 min to stop the
polymerase reaction. 2 ul of this mix was transformed into XL1 blue competent E.
coli cells.

2.2.6 Blunt end Mutagenesis

For Ahal and Hch1 loop mutants, blunt end mutagenesis was done. Primers coding
for the change in the amino acids for the swapped loop-domains were used for PCR.
The PCR product was gel purified and phosphorylated using polynucleotide kinase
(PNK) at 37°C for 1 h. Ligation was done to close the blunt ends. After inactivat-
ing the enzymes at 65°C, the original template DNA was digested with Dpnl. The
mixture was then transformed into MACH1/XL1Blu chemically competent E. coli.

2.2.7 Transformation

Chemically competent BL21 Star DE3/ Mach1/XL1Blu E. coli cells were thawed on
ice. For transformation 200 pl E. coli was mixed with approximately the ligation reac-
tion (10 ul) or 100 ng plasmid for re-transformation and the mixture was incubated
on ice for 30 min. Following incubation the cells were exposed to a heat shock at
42°C for 45 seconds and were again incubated on ice for 2 min. 1 ml LB medium
was added to the cells and incubation was done at 37°C for 50-60 min with agitation
at 900 rpm. The cells were subsequently plated on LB-agar plates supplemented with
antibiotic (construct specific).

2.2.8 DNA plasmid purification

Single colonies were picked from LB-agar plates supplemented with antibiotic (con-
struct specific) to inoculate 5 ml LB supplemented with 200 pg/ml ampicillin or 75
pg/ml kanamycin. Cultures were grown overnight at 37°C with constant shaking.
4 ml of the culture was harvested by centrifugation at 13000 rpm (11,600 g) for 1
min at room temperature using a table-top centrifuge. The plasmid DNA was puri-
fied using the Wizard® Plus SV Minipreps DNA Purification System following the
manufacturer’s instructions for the purification of high-copy number plasmids. Con-
centration of nucleic acids was measured using Thermo Scientific NanoDrop™ 1000
Spectrophotometer reading at 260 nm (1 AU at ODygy = 50 ug of double-stranded
DNA).
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2.2.9 DNA sequencing

The cloned plasmids were sent for sequencing to GATC Biotech or Eurofins Genomics
to ensure the correctness of the sequence and absence of mutations. The primer used
for sequencing was directly ordered from at the sequencing company. 50-100 ng/l
DNA was sent in a volume of 15-20 ul for sequencing.

2.2.10 RNA isolation from yeast and RT-PCR with SYBR Green kit

Total RNA was isolated from all the yeast strains expressing plasmid-borne GR or
enhanced green fluorescent protein (eGFP) using the Promega SV total RNA isolation
system according to manufacturer’s instructions. Single step RT-PCR was performed
using the Agilent technologies SYBR green master mix. The primers for RT-PCR were
designed to amplify the ORF of either GR or eGFP.

2.3 Yeast biology Methods

2.3.1 Yeast cultures and maintenance

All the yeast strains purchased from EUROSCARF were stored as glycerol stocks at
—80°C. Prior to using a strain in liquid medium, the cells were freshly plated from
the glycerol stocks onto YPD plates and incubated at 30°C for 1-2 days. Yeast strains
transformed with specific auxotrophic vectors were stored on auxotrophy specific
minimal media plates. For experimental analyses, cells were first inoculated into
liquid medium, grown ON and then refreshed and allowed to reach log phase (ODgq
= 1-2) unless specified otherwise. All strains were grown at 30°C in a rotating wheel
or with constant shaking.

2.3.2 Growth curves

Overnight cultures grown in YPD were diluted to ODgyp = 0.01 in a 100-well plate
and growth curves were recorded at 600 nm using Bioscreen C MBR at 30°C for
2 days. Additionally, overnight cultures were serially diluted from ODgy = 2 and
spotted on an YPD plate and grown at 30°C for 2 days.
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2.3.3 Temperature ramp

BY4741 yeast strains were grown overnight into stationary phase. The cultures were
diluted to ODgyy = 0.5 and 3 ul of each strain was spotted multiple times on YPD
plates. The plate was incubated for 2 days on a temperature ramp from 30°C to
42°C.

2.3.4 Scanning Electron microscopy (SEM)

SEM was done to image yeast cells and compare their morphology to the WT strain.
Overnight cultures of the strains were refreshed in YPD and allowed to re-enter late
logarithmic to early stationary phase with constant shaking at 30°C. SEM was per-
formed by Bettina Richter with a JEOL 5900 LV microscope (JEOL, Eching, Germany).

2.3.5 Transformation using modified lithium acetate protocol

The protocol used for transforming yeast was modified from [Elble, 1992]]. Briefly,
freshly streaked colonies were inoculated in YPD and allowed to grow overnight
into stationary phase. 200 ul overnight culture was centrifuged for 15 seconds and
mixed with 0.67 pl single stranded salmon sperm DNA. 1 ug of the vector to be
transformed was added followed by 150 ul PLATE mix (Table and 6 ul 1 M
DTT. The reaction was vortexed briefly after adding each component and incubated
at room temperature overnight. Heat shock was performed at 42°C for 30 min and
the reaction was allowed to cool. The transformed yeast cells were plated on specific
minimal media plates and incubated at 30°C for 2 days.

2.3.6 Yeast colony PCR

A single yeast colony was resuspended in 20 pl Lyticase and incubated at 37°C for
20 min to digest the cell wall. Lyticase was inactivated by incubating the mixture
at 95°C for a further 20 min. PCR premix was prepared consisting of forward and
reverse primers, dNTPs, GoTaq® polymerase and 5x Green GoTaq® Reaction buffer.
1 ul of the template DNA was used to set up 25 ul PCR reactions. The PCR products
were verified on agarose gels.
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2.3.7 Harvesting yeast cells
2.3.7.1 Alkali lysis (pellet soluble fractionation)

Samples for western blotting, unless mentioned otherwise, were prepared according
to the alkali lysis protocol by [Kushnirov, 2000]. In brief, ODgyq = 5 of log phase
yeast cells were harvested, washed and resuspended in 200 pul of water. 200 ul
0.2 M NaOH was added and incubated at room temperature for 3 min. The cells
were pelleted at 13000 g for 1 min and supernatant was discarded. The pellet was
resuspended in 100 ul 1x Ladmmli sample buffer and boiled at 95°C for 10 min. The
sample was again centrifuged to separate the soluble fraction and pellet. The pellet
was dissolved in the urea buffer (Table and further boiled with Limmli sample
buffer for 10 min.

2.3.7.2 Native lysis

ODgoo = 30 of log phase yeast cells was harvested, washed and resuspended in cold
native lysis buffer (Table[2.1.8). Cell lysis was done using glass beads in a bead mill.
The lysates were then centrifuged at 14000 g for 10 min to remove unlysed cells and
debris. The supernatant was transferred and used for further experiments like pull
downs and limited proteolysis.

2.3.8 Activity Assays
2.3.8.1 Beta-galactosidase reporter assay for steroid hormone receptors (SHRs)

SHRs act as transcriptional factors and can bind to a specific promoter sequence to
switch on the transcription of the genes coded downstream. Using this principle, two
yeast vectors were constructed; one for the expression of the SHR and the other vec-
tor harbouring a specific promoter sequence coded upstream of a beta-galactosidase
gene (Figure[2.1)). Upon induction with hormone, the SHR binds its specific promoter
sequence and initiates the transcription of the beta-galactosidase gene. The amount
of this enzyme produced is measured directly by monitoring the enzymatic break-
down of its substrate ONPG to o-nitrophenol which is yellow and can be monitored
spectrophotometrically. Activity assays for SHRs were performed in 96-well plates.
Yeast strains harbouring expression and reporter plasmids were grown overnight at
30°C in deep 96-well plates. The cultures were diluted 1:10 and induced with 10
#M hormone (11- deoxycorticosterone (DOC) for GR, dihydroxy-testosterone for AR,

58



2.3 Yeast biology Methods

Figure 2.1: Principle of the activity assays. The figure shows the representation of the
beta-Galactoside reporter assay for transcription factors, survival assay for phosphotyro-
sine kinase v-Src

estradiol for ER, progesterone for PR and aldosterone for MR) Incubation was con-
tinued overnight in 96-deep well plates with shaking. Unless mentioned otherwise,
yeast strains were always cultivated at 30°C. 50-100 pl of the induced culture was
centrifuged directly in a 96-well plate. The cell lysis/permeabilisation was done by
incubating the cell pellet with 150 ul 5-Gal lysis buffer with constant shaking for 15
min at 900 rpm. The reaction was started by adding 50 x1 ONPG (4 mg/ml) per well
and the development of yellow colour was measured spectrophotometrically at 420
nm wavelength for 30 min. For normalization, the optical density (OD) of the yeast
cultures was determined at 600 nm wavelength. The same assay was also performed
with log phase cells. Overnight cultures were diluted 1:10 in 5 ml medium and in-
duced for 6 h. 200 pl log phase induced cultures (ODgy = 1.2) were harvested in a
96-well plate and the assay was performed as described earlier. No differences were
seen between log and stationary phase measurements.

Typically, all the /3-gal activity of the strains was measured together with the WT
strain on the same 96-well plate. The assays for each SHR were carried out in trip-
licates, at least three times. The final figures obtained for all the assays are pooled
from three or more individual triplicate measurements. To account for the numeri-
cal differences contributed by the buffer and ONPG on different days, the entire data
sets were normalized. In order to do this normalization, first, an average of the entire
data set (one 96-well plate) was calculated. The averages of different measurements
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were then scaled with respect to one of them. All the data points within one measure-
ment were then multiplied by this scaling factor. Hence the different measurement
were numerically comparable. Finally, all the data points for each strain were pooled
and an average and a standard deviation was calculated. Similar procedure was
followed for every SHR reporter assay.

2.3.8.2 Survival assay for v-Src and phosphotyrosine blots

Cells transformed with the p413Gall plasmid expressing v-Src or c-Src mutants under
the control of the Gall promoter were grown at 30°C in minimal medium containing
2% raffinose to stationary phase. To induce Src expression, cells were spotted onto
an agar plate with minimal medium containing 2% galactose. Therefore, cells were
serially diluted and 3 ul were spotted. As a growth control cells were also spotted
onto an agar plate containing 2% glucose. The read-out of this assay is negative,
i.e. if v-Src is active, it is toxic to yeast and the cells are no longer viable. The
yeast strains can grow if v-Src is inactive. The phosphotyrosine activity of v-Src
and c-Src mutants was investigated by western blot. Cells were grown overnight
in minimal medium containing 2% raffinose. The expression was similarly induced
by transferring the cells to minimal medium with 2% galactose for 4 h. ODgpy = 5
of cells were harvested, lysed using alkali lysis method and induced and uninduced
samples were compared on western blot.

2.3.9 Radioactivity incorporation to study translational efficiency

Yeast strains grown overnight were refreshed to ODgyy = 0.1 and allowed to grow
into logarithmic phase at 30°C in a thermomixer. At ODgyy = 0.8, the cells were
washed and resuspended into selective medium lacking methionine and incubated
for 30 min at 30°C. ‘Hot’ S**-Methionine was then added to the cultures and incu-
bated further for 30 min. The cells were then washed and resuspended in selective
medium containing cold methionine. Samples were prepared using the alkali lysis
protocol and subjected to SDS-PAGE. The gels were analysed using a Typhoon™ 9200
multimode scanner.

2.3.10 Monitoring autophagy

Overnight cultures growing in YPD were refreshed and allowed grow into logarithmic
phase. ODggo = 1 cells were harvested and samples were prepared by TCA precipi-
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tation for SDS-PAGE analysis followed by western blot. The remaining culture was
washed and resuspended in YNB lacking all amino acids to induce N, starvation and
hence autophagy for 2 h. Sample preparation was done by TCA precipitation. Apel,
which is a marker for autophagy was used to ascertain that the autophagy mechanism
in all the yeast strains was undisturbed.

2.3.11 Pull downs

Yeast expressing HA-tagged GR or empty control plasmid were grown to an ODgyy =
1-2 in selective media. All subsequent manipulations were done at 4°C. ODgoy = 30
of cells were harvested by centrifugation and lysed under native conditions (Section
[2.3.7.2)). Protein concentrations were normalized to the WT and 0.05% Tween-20
was added to the lysates. 750-800 ul of the lysate was incubated with 20 ul pre-
equilibrated anti-HA magnetic beads for 30 min at room temperature. Beads were
washed thrice with 300 ul wash buffer (native lysis buffer + 0.05% Tween-20) and
finally with ddH,O. The beads were boiled directly in 1x Laimmli solution without /-
mercaptoethanol for 5 min at 95°C. The beads were then removed and the samples
were boiled again after addition of 4% [-mercaptoethanol. Imnmunoprecipitates were
separated on 7.5% and 12.5% gels and GR and the co-chaperones were detected by
western blotting.

2.3.12 Limited proteolysis

In order to perform limited proteolysis, the yeast lysates were first subjected to pull-
downs as described above. Each pull down reaction was used for one concentration
of Proteinase K. In brief, incubation with anti-HA magnetic beads for 30 min at room
temperature was followed by washing beads as described. 20 pul lysis buffer was
added to the beads followed by Proteinase K (0.1 ug/ul - 2 pg/ul) Proteolysis was
done on ice for 10 min. The reaction was stopped by adding 2 mM PMSF, followed
by boiling the beads in 2x Lidmmli sample buffer at 95°C for 5 min, first without
[B-mercaptoethanol, and then 5 min after adding 4% (-mercaptoethanol on removal
of beads. Entire samples were loaded into Serva™ Electrophoresis 4-12% gradient
gels. GR fragments were detected with western blotting.
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2.3.13 Transcriptional analyses of ACpr6, ACpr7, AHchl and
AAhal using gene-chips

In order to compare the transcriptional profiles i.e. mRNA levels of all genes in the
Cpr6, Cpr7 and Hch1 deletion strains, gene-chip analyses were performed. Overnight
cultures in YPD medium were refreshed in 50 ml YPD and maintained in logarith-
mic phase for 2 days. The cells were then harvested, washed with sterile cold PBS
and flash-frozen and stored at —80°C. The frozen yeast pellets were then sent and
the gene-chip analyses were performed at The Centre of Excellence for Fluorescent
Bioanalysis in Regensburg (KFB-Regensburg). The signal strengths obtained from
these analyses were converted using the MASS5 algorithm to expression levels (MAS5
normalization algorithm developed by Affymetrix [Affymetrix, 2002]). Two indepen-
dent samples were sent and analysed for each strain. The mean values of all genes of
the deletion strains were normalized to the mean values of the genes from the WT.
The genes that exhibited at least a 2-fold difference to the WT were analysed. The
first 100 genes up- or down-regulated were clustered and a network was obtained.
Cellular function and process were assigned to the genes clustering together using
GO Slim Mapper of the Saccharomyces Genome Database.

2.4 Protein biochemistry methods

2.4.1 Recombinant protein expression and purification
2.4.1.1 yHsp82 and the co-chaperones

e Expression

During the course of this work several proteins were expressed and purified.
These include, Hsp82, yPptl, yCpr6, yCpr7, yHch1, yAhal, yTah1, and yPih1.
The E.coli strain BL21codon+(DE3) was transformed with the pET28a expres-
sion plasmids for His-yHsp82, His-Cpr6, His-Ahal, His-Hch1, pRSETA expres-
sion plasmid for His-Cpr7 and pETSUMO expression plasmids for yTahl and
yPih1l. The transformation protocol is described above. A single transformant
colony was inoculated into 150 ml of LB medium with the desired antibiotic
(100 pg/ml Ampicillin or 75 pug/ml of Kanamycin) and incubated overnight at
37°C. 35 ml of this overnight culture was then used to inoculate every 2 L flask.
Except Hsp82, which was expressed in dYT medium, all other co-chaperones
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were expressed in 8 L of LB medium. Induction was done using 1 mM IPTG for
4 h at 37°C. The cells were harvested by centrifugation at 6000 rpm using the
JA10 rotor, resuspended in 60 ml Ni-NTA buffer A (Table supplemented
with protease inhibitor HP (1 vial) and stored at —80°C.

Cell lysis

The cells were thawed and a few crystals of DNase was added to the cell sus-
pension. Lysis was done using a cell disruption apparatus at high pressure of
1.8 kbar and the lysate was centrifuged to clear debris for 40 min at 20000 rpm
at 4°C in the JA 25.5 rotor.

Purification

Since all the proteins were His-tagged, the first step was Ni-affinity chromatog-
raphy column using the His-Trap FF column. Prior to loading the lysate, the
column was equilibrated using 5 column volumes (CV) of water, followed by
Ni-NTA buffer B and finally Ni-NTA buffer A. (All columns were equilibrated
similarly before use and stored in 20% Ethanol after use.) The lysate was
loaded at a flow rate of 4 ml/min and eluted using 60% buffer B. After the
Ni-column, the elute fractions were pooled, diluted 1:10 in Resource Q buffer 1
to reduce the salt concentration, and loaded on to a Resource Q ion-exchange
column. yAhal was an exception to this procedure, and was re-run on a Ni-NTA
column instead of the Resource Q column. Depending on the pI of the protein
being purified, it either bound the column or was collected as flow through.
Elution of the bound proteins was done using a continuous salt gradient of
Resource Q buffer 2. Note: the pH of the ion-exchange buffers was adjusted
according to the plI of the protein of interest. Generally, the pH of the buffer
was adjusted to be at least 0.5 to 1 pH above the pl of the protein of interest
while using an anion exchanger (Resource Q). The protein would thus be neg-
atively charged in this buffer and would bind to the anion exchange resin of
the column. After these first two columns, the purification protocol deviated
slightly depending on the protein being purified. For the SUMO tagged yTah1l
and yPih1, the tag was cleaved off using SUMO protease Ulp1 in 5 L of dialy-
sis buffer overnight at 4°C. After this digestion step, the protein was again run
over a Ni-NTA column to separate the SUMO-His tag. The untagged Tah1 or
Pih1 fractions were pooled. For Hsp82, the protein fractions from the Resource
Q column were pooled and dialysed in 5 L of HAT dialysis buffer for 1 h at
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4°C twice. The protein was then loaded onto a HAT column. The last step of
purification for proteins was size exclusion chromatography (SEC). The pro-
tein fractions were concentrated to 5-10 ml using a centricon of the required
molecular weight cut-off (3K, 10K or 30K MWCO). Depending on the molecu-
lar weight and the expected yield of the protein, Superdex 75 or 200 pg HilLoad
16/60 or 26/60 were used for SEC. The final protein fractions were analysed
by SDS-PAGE followed by Coomassie staining to ascertain purity. yAhal and
yHch1 were dialysed into a low salt buffer, yPpt]l was dialysed into a glycine
rich buffer for stability (Wandinger et al, 2002). The proteins were finally con-
centrated, flash-frozen in liquid nitrogen in small aliquots and stored at —80°C.

2.4.1.2 Mineralocorticoid receptor-Ligand binding domain of rat (ratMR-LBD)

e Expression

BL21(DE3) E.coli were transformed with the pETHalo-ratMR-LBD expression
vector. A colony was inoculated in 5 ml of LB supplemented with 75 pug /ml
Kanamycin and 2% Glucose. 2 L auto-induction medium was inoculated using 2
ml of the overnight culture and Kanamycin. The culture was allowed to grow at
37°C for 4 h. The flask was then cooled down to approximately 17°C for 1 h and
the expression of ratMR-LBD was induced by adding 50 M of corticosterone
and incubated at 17°C overnight. The cells were then harvested and the pellets
resuspended in MR-Ni-NTA buffer A were frozen at —80°C as described before.

e Purification of ratMR-LBD

Prior to cell lysis, the cells were thawed and 2 M urea was added for extracting
MR-LBD from the cells. Cell lysis was done as described above using the French
press. The lysate was first run over a pre-equilibrated His-Trap FF column using
a urea gradient to remove the urea and finally have the protein in the normal
MR-Ni-NTA buffer A. Elution was done using 100% MR-Ni-NTA buffer B. The
fractions of the protein peak were pooled, diluted 1:1 in MR-dialysis buffer
and subjected to TEV protease digestion during dialysis to cleave off the Halo-
His tag. The protein was then run on a His-Trap column again to separate
from the Halo-His tag. Since concentrating the protein at this stage led to
severe losses due to aggregation and also formation of higher oligomers, the
protein was instead run on the SEC in 8 loops of 5 ml each. All buffers were
supplemented with 50 pM corticosterone, while the last SEC buffer was with
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1 uM corticosterone. Finally, the monomer peak (corresponding to 65-80 ml)
was concentrated, flash frozen in liquid nitrogen and stored at —80°C

2.4.2 Labelling of rMR-LBD with Atto488

3 ug ratMR-LBD was centrifuged at 14000 g at 4°C to remove all aggregates. It
was dialysed in 5 L of labelling-dialysis buffer overnight. The protein was again
centrifuged and concentration was measured. (almost 50% loss of protein due to
aggregation was observed at this step). The fluorescent label Atto488 was added
to the protein in a 1:2 (protein : label) molar ratio and incubated with shaking for
55 min at room temperature. The reaction was stopped by adding 5 mM DTT and
immediately was put on ice. The protein was again centrifuged and dialysed first in 5
L of labelling-dialysis buffer for 2-3 h and then in fresh 5 L of labelling-dialysis buffer
overnight at 4°C to get rid of the excess label. The concentration (Section
of the labelled protein and its labelling efficiency was calculated using the following
formulas.

~ Aggo — (Aser x 0.1) x dilution factor

[M] (2.1)

€ protein

Aso1 X dilution factor

[Dol] = (2.2)

€ Attoass X [P] Molar

2.4.3 Protein concentration measurement

To measure the concentration of proteins three different approaches were used. Both
the Bradford and BCA methods were used to measure the relative concentrations of
total proteins in yeast lysates.

2.4.3.1 Bradford assay

The total protein concentrations were measured using the Bradford reagent. 10 ul
of the lysate was added into 200 ul of the Bradford reagent in a 96-well plate and
mixed. Three wells were used as blank with lysis buffer and Bradford reagent. The
absorbance was measured in a Cary50 plate reader at 595 nm wavelength.
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2.4.3.2 BCA assay

The Pierce™ BCA Protein Assay Kit from Thermo Scientific was used for measuring
total protein concentration. The BCA working reagent was prepared by mixing to-
gether 50 parts of the BCA Reagent A with 1 part of BCA Reagent B. In a 96-well
plate, 25 ul lysate/ protein solution was mixed with 200 ul of BCA working reagent
and incubated at 37°C for 10-15 min. The absorbance was then measured at 562 nm
using the Cary50 plate reader.

2.4.3.3 UV absorption spectroscopy

UV spectroscopy was used to determine the absolute concentration of purified pro-
teins. During purification, the absorbance at 280 nm was measured using the Pro-
tein280 program on the NanoDrop™. This however was done only to estimate the
concentration of the protein and does not give a reliable exact value. In order to
measure the concentration of the protein accurately, the Cary50 or Caryl00 spec-
trophotometers were used. In brief, the protein concentrations can be measured
using the ‘Scan’ mode, scanning through 200 nm to 300 nm wavelength. The peak
intensity at 280 nm was considered for calculation. Prior to measuring the protein
concentration a baseline was obtained with the buffer alone. The proteins were gen-
erally diluted 1:25 or 1:13 to measure the absorbance at 280 nm. The concentrations
were determined using the Lambert-Beer’s law (Equation [2.3). The following Table
enlists the extinction co-efficient (assuming all cysteines are reduced) of all
the proteins used for calculating concentration. The extinction co-efficients were cal-
culated using the Expasy-ProtParam tool based on the amino acid sequence of the
protein.

A
- 2.3
¢ e-d (2.3)

Key :

¢ = concentration

A = absorbance

¢ = extinction co-efficient
d = path length
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Table 2.12: Extinction co-efficients

Protein Extinction co-efficient (<)
Hsp82 57300
Stil 53750
Pptl 34840
Sbal 29910
Cpr6 20860
Cpr7 40145
Ahal 50545
Hchl 20970
Tah1l 10555
Pihl 37525
Cdc37 25900
Cnsl 29130
Sgtl 59360
rMR-LBD 38390

2.4.4 SDS-PAGE

Protein samples were resolved by reducing Sodium dodecylsulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) as described by [Laemmli et al., (1970]. The sam-
ples were prepared as described for individual experiments in the Ldmmli buffer
and boiled at 95°C. 10-25 ul samples were loaded into the wells. The gels were
run for with a constant current of 35 mA per gel for approximately 50 min in a
MightySmall™ gel electrophoresis chamber with 1x SDS-buffer. Commercial gradi-
ent gels purchased from Serva™ were run for 70 min. Proteins bands were visualized
by staining the gels with Coomassie stain or by western blot.

2.4.5 Coomassie staining

This method of detecting protein bands on a SDS gel, was described by Fairbanks
[Fairbanks et al., [1971]. The gel was first disassembled from the glass plates and
briefly washed with ddH,O. It was then completely immersed in the Coomassie stain-
ing solution and briefly heated up in the microwave, to fasten the staining process.
After shaking the gel in the staining solution for 5 min, gel was again washed with
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water and finally immersed in the Fairbanks D solution to destain it. To hasten the
destaining process, the gel was again heated up briefly in the the destaining solution
and a tissue paper was placed on the gel to absorb the excess stain. After destaining,
the protein bands resolved according to their molecular weight can be visualized.
The detection limit for this method is about 50 ng of protein.

2.4.6 Western Blot

The transfer of proteins to the PVDF membrane was achieved by western blotting
using the semi-dry method. After SDS-PAGE, the gels were were washed in the west-
ern blot transfer buffer briefly The PVDF membrane was activated by soaking it
in methanol for 10-30 seconds. The membrane was then washed with water and
soaked into the transfer buffer. Three pieces of Whatmann paper, followed by the
activated PVDF membrane, the gel and finally three more Whatmann papers soaked
in the transfer buffer were placed in a stack. The air bubbles within this stack were
carefully removed without disturbing the assembly. The transfer was done using the
Biometra semi-dry blotting chamber for 90-120 min at 72 mA per blot. The blots
were then soaked in 5% milk in PBS-T overnight at 4°C. Prior to developing the
blots, the blot was briefly washed in 1x PBS-T buffer and incubated with the primary
antibody (Table for 1 h at room temperature. The blot was then washed with
PBS-T thrice for 15 min. The secondary antibody was then added in 1% milk in PBS-
T for 1 h at room temperature. Finally the blots were again washed thrice for 15 min.
To develop the blot, Advansta WesternBright ECL Spray was sprayed evenly over the
entire blot. The chemiluminescent signal was recorded using the ImageQuant LAS
4000.

2.4.7 Stripping western blots

The blot was heated up for 10 sec in 10 ml stripping buffer in a microwave. Sub-
sequently, 70 ul S-mercaptoethanol were added and the blot was incubated on a
platform shaker for 10 min at room temperature. After washing the blot thoroughly
with water, immunoblotting was repeated as described above with another primary
antibody.
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2.4.8 ATPase assays

This assay measures the rate of ATP hydrolysis by a coupled enzymatic reaction. In
the first step, ATP is hydrolysed to ADP by the ATPase under investigation. In the sec-
ond step, ATP is regenerated from ADP and phosphoenolpyruvate (PEP) in a reaction
catalysed by pyruvate kinase (PK). The second product, pyruvate, is subsequently re-
duced to lactate by lactate dehydrogenase (LDH) using NADH as a co-substrate. The
kinetics of NADH consumption are monitored by absorbance spectroscopy at 340 nm.

ATP + H,O — ADP + Pi (2.4)
PEP + ADP — Pyruvate + AT P (2.5)
Pyruvate + NADH/H' — Lactate + NAD" (2.6)

For measuring the ATPase activity of Hsp82 alone or in presence of co-chaperones,
first the concentration of the proteins was determined spectrophotometrically as de-
scribed (Section [2.4.3.3). In a typical ATPase measurement, 2 pM Hsp82 was used.
The amount of co-chaperones or client varied according to the purpose of the mea-
surement. 147 ul reactions were set up and a baseline was recorded at 340 nm for
5 min. The ATPase reaction was then started by adding 3 ul of 100 mM ATP in AT-
Pase assay buffer. The rate of NADH consumption was recorded at 340 nm until the
signal dropped to 0.4 absorbance units. The background ATPase activity contributed
by contaminants, if any, was measured by adding 100 pM radicicol, which inhibits
the Hsp82 ATPase activity completely. The final ATPase activity was calculated by
subtracting the background ATPase activity, if any.

2.4.9 Analytical ultracentrifugation

Analytical ultracentrifugation is a method to characterize the behaviour of proteins
in solution. The principle of this method is based on monitoring the sedimentation
of macromolecules such as proteins in solution under the influence of strong cen-
trifugal forces.The aUC measurements were made in the analytical ultracentrifuge
Optima XL-A, which is equipped with both a fluorescence detector (UV), as well as
visible absorption optics. aUC runs were typically performed with 300 ul of a 400
nM rMR-LBD-Atto488 or hGR-LBD-Atto488 and 6 pM Hsp82, unless mentioned oth-
erwise. The co-chaperones added to the samples were always in 1:1 molar ratio
of Hsp82. 2 mM nucleotides (ATP, ADP, ATPyS and AMPPnP) were added to sam-
ples where indicated. For competitive binding with unlabelled client protein, 4 M
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rMR-LBD was used. The runs were performed in an AN50-TI rotor at 42000 rpm at
20°C. Sedimentation was monitored at 480 nm and evaluation was done using the
Sedfit program. Additionally, rMR-LBD was also confirmed to be monomeric by mea-
suring the sedimentation at 280 nm. The measurements and analysis for analytical
ultracentrifugation were carried out by Katrin Back and Daniel Rutz.
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Results

3.1 Characterization of co-chaperone deletion strains

The Hsp90 chaperone network is evolutionarily conserved, making yeast a good
model organism to investigate the principle aspects of its dynamics. Most Hsp90
co-chaperones are not essential for viability in yeast. Therefore the respective dele-
tion strains are excellent tools to study the influence of the co-chaperones on the
activation and/or maturation of a specific client protein in vivo. However, before
using the different strains to study the activity and protein levels of different Hsp90
clients, it was necessary to validate that the strains were WT-like and that the deletion
of a certain co-chaperone did not cause systemic defects. To this end, first the growth
and morphological characteristics of the co-chaperone deletion strains were studied
and compared to the WT. Furthermore, the basic cellular processes like transcription
and translation were also monitored for defects. The principle aim of this thorough
characterization was to rule out intrinsic defects in the strains and to ascertain that
the effects that are observed on the Hsp90 clients are specific and direct.
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3.1.1 Growth characteristics

Monitoring the growth rates of all the co-chaperone deletion strains show that they
were similar to the WT. There were two exceptions to this. Cpr7 deletion is known to
have a growth defect [Duina et al., [1996]]. Additionally, the Pih1 deletion strain also
showed a slight retardation in growth as compared to the WT (Figure [3.1A). Cdc37,
Cnsl and Sgtl are essential for viability in yeast. Therefore, knock-down strains of
these co-chaperones were used in this work. The knock-down was mild without any
obvious growth defects in the strains. The same results were obtained by spotting

the yeast strains in a serial dilution on YPD plates (Figure [3.1B).
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Figure 3.1: Growth characteristics. (A) Growth curves were recorded in the Bioscreen

C Microplate reader. Equal starting ODgoo was used and the cells were grown in a 100-

well plate at 30°C with constant shaking for 2 days.

(B) ODgpp=2 cells were serially

diluted and 3 pl of each dilution was spotted on YPD plates and allowed to grow at 30°C

for 2 days. Co-chaperone deletion strains are denoted by (A), while knock-down strains

are denoted by (*).

3.1.2 Temperature sensitivity

Mutating or deleting a protein might render the cells sensitive to elevated temper-
atures or other stresses.
exposed all the strains to a range of temperatures from 30°C, (optimal temperature

As chaperones play an important role during stress, we
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3.1 Characterization of co-chaperone deletion strains

for yeast growth), up to 42°C (severe heat stress/ heat shock). The results of the spot
test show that the deletion of Hsp90 co-chaperones did not lead to a temperature-
sensitive phenotype (Figure [3.2). The Cpr7 and Pihl deletion strains again grew
slower than the rest, affirming our findings in the growth assays. However, even
these strains were not temperature-sensitive.
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Figure 3.2: Temperature sensitivity of the deletion strains. Stationary phase cells
were diluted to ODgyp=2 and 3 ul were spotted out such that each spot would be exposed
to increasing temperatures of the temperature ramp. The temperature gradient was
adjusted from 29°C to 43°C. The plates were incubated for 2 days.

3.1.3 Morphology

Following the growth characteristics, log-phase cells were visualized using the Scan-
ning Electron Microscope. The aim was to compare the deletion strains to the WT
strain. Sample preparation and imaging was done by Bettina Richter as described
earlier [[Haslbeck et al., |2004]. The results show that the shape of the cells is WT-
like, with no cell-wall damages or other aberrations. There are some differences with
respect to the size of the strains, especially in case of Pih1 deletion strain, where the
cells appear smaller than the WT cells. In case of Tahl, the magnification used is
5000x instead of 3000x used for the others, and hence they appear to be bigger than
the other strains (Figure [3.3). Thus general morphology and cell-wall characteris-

tics of the cells remains unaffected, albeit the slight differences in cell size in some
deletion strains.
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Figure 3.3: Morphology of the yeast strains. Yeast cultures were grown in YPD medium
and maintained in the log phase. Images were obtained by SEM. The scale bar represents
5 pm . The magnification used was 3000x all except the Tah1 deletion strain (5000x).

3.1.4 Co-chaperone levels in deletion strains

After a basic characterization of the yeast strains, the next question was whether the
deletion of one co-chaperone led to an up/down-regulation of other co-chaperones
or Hsp90 itself. This was especially relevant as some Hsp90 co-chaperones have
structural homologues like Ahal and Hch1 or Cpr6 and Cpr7. Additionally, Cpr7 and
Cnsl for example, are known to interact and have complementary functions [[Tesic
2003]]. The co-chaperone levels were first checked in stationary phase cells. No
obvious up/down regulation of any co-chaperone was observed (data not shown).
However, since all experimental procedures have been performed with log-phase
cells, this investigation was also carried out in logarithmic cells. Figure shows
that none of the co-chaperones under investigation showed significant changes in
the deletion strains.
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Figure 3.4: Co-chaperone levels in the deletion and knock-down strains. Lysates
were prepared from all the strains in the log phase and equal amounts were loaded onto
12.5% SDS gels. Using specific antibodies, each of the co-chaperone was detected in all
the strains.
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3.1.5 Transcription

To study the exogenously expressed client proteins, it was pre-emptive to ascertain
that the deletion strains have no defects in their innate transcriptional machinery. Us-
ing RT-PCR, the mRNA levels of GFP, a non-client protein as well as GR, a bona fide
Hsp90 client protein were quantified. The mRNA levels in both cases were WT-like
(Figure [3.5), ruling out any defects in transcription in the deletion strains. Addition-
ally, the amount of GR mRNA do not vary in the different strains suggesting that the
co-chaperones do not influence GR on a transcriptional level.
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Figure 3.5: Transcription. The SYBR green kit was used for RT-PCR. Total RNA isolation
from strains expressing either eGFP (A) or GR (B) was followed by a two-step SYBR green
reaction. The fluorescence was measured in triplicates using a RT-PCR cycler. The inverse
ratio of the threshold signal is plotted for all strains.

3.1.6 Translation

The translational machinery of the cell was monitored by quantifying the incorpora-
tion of radio-labelled methionine (S3°-Met) within 30 min. All strains took up methio-
nine to a similar extent, without any significant deviations from the WT level (Figure
[3.6A) . The entire lanes on the radio-labelled gel were quantified and compared to
the WT level normalized to 100 % (Figure [3.6B). The results show that comparable
amounts of protein are produced in all deletion strains during the “pulse-labelling
phase”, thus affirming a functional translational machinery.
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Figure 3.6: Translation. Log phase yeast cultures were switched to a medium supple-
mented with $3°-Met for 30 min at 30°C. The cells were then switched back to “cold”
methionine and lysates were prepared for SDS-PAGE. (A) The gel was analysed using a
Typhoon 4000 scanner. (B) Entire lanes were quantified with ImageJ. WT intensity was
normalized to 1 and the remaining lanes were normalized accordingly.

3.1.7 Protein folding

One of the main functions of chaperones is to assist protein folding. For the Hsp90
machinery, this function is conserved for the Hsp90 client proteins. As a result, the
folding of non-client proteins was assessed in the co-chaperone deletion strains. Us-
ing two separate approaches, it was confirmed that the yeast strains do not have any
defects in folding non-client proteins. Thus any effects on client proteins would be
specific to that client-co-chaperone pair. eGFP expressed under the GPD promoter
was visualized under the microscope and its cytosolic distribution in the deletion
strains was qualitatively compared to the WT. All the strains show similar GFP fluo-
rescence and distribution (Figure[3.7). Additionally, for a functional and quantitative
analysis, $-galactosidase was constitutively expressed in all the strains and its activ-
ity was monitored using the (-gal assay (Figure[3.8). WT and all the co-chaperone
deletion strains exhibit similar S-galactosidase activity, suggesting that it is properly
folded and functional.
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Figure 3.7: eGFP fluorescence in the deletion strains. eGFP was constitutively ex-

pressed in all the strains. Log phase cells were used for microscopy using the Zeiss
Axiovert 200, inverted fluorescence microscope. 63x oil-immersion objective was used.
The scale bar represents 5 pum
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Figure 3.8: Activity of -gal in the deletion strains. (-galactosidase was expressed in

Relative activity (units)

all strains under the GPD promoter. The activity of 5-gal was recorded spectrophotomet-
rically at 405 nm for 20 min. The slope of the kinetic was calculated and normalized with
the ODggg. The measurements were done thrice each time in triplicates and the results
were pooled.
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3.1.8 Autophagy

Autophagy can be studied in yeast by monitoring the processing of aminopeptidase 1
(Apel). Apel is a resident hydrolase in the vacuole lumen. It is initially synthesized
as prApel, a cytosolic precursor containing an N-terminal propeptide. This precursor
is transported into the vacuole by the components of the autophagy machinery, and
the N-terminal propeptide is cleaved. This shift in the molecular mass can be de-
tected by SDS-PAGE and Apel can be used to monitor specific autophagy [Klionsky:
et al., |2007]]. The complete processing of Apel in all the strains demonstrated that
autophagy was unaffected in all of them and was comparable to the WT (Figure 3.9).
The double band in the Ppt1 deletion strain might be due to over expression of Apel
in this strain, but the processivity is not affected and autophagy is functional.
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Figure 3.9: Autophagy. Processing of the autophagy marker Apel was monitored by
exposing the cells to Ny starvation for 2 h. Equal ODg of cells was used to prepare
lysates and analysed by western blot.

Thus, taken together the co-chaperone deletions do not affect transcription, trans-
lation and degradation in general. Additionally, the Hsp90 chaperone network does
not change upon deletion of one of its component. This already provides a hint that
the co-chaperones have specific functions in the cell.
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3.2 Influence of the Hsp90 co-chaperones on SHRs

The in-depth characterization done in the previous section ascertained that the Hsp90
co-chaperone deletion strains do not show any obvious defects. Thus, they can be
used to monitor the activation and behaviour of various classes of Hsp90 client pro-
teins and their dependence on the Hsp90 co-chaperones. Among the client pro-
teins chosen in this study, the most important ones are the steroid hormone recep-
tors (SHRs). Being transcription factors, their activity can be monitored using (-
galactosidase-based reporter assays ((-gal assays). The SHRs were constitutively ex-
pressed in yeast. Additionally, the strains were also transformed with a reporter plas-
mid harbouring a SHR-specific hormone response element (HRE) coded upstream of
the (§-galactosidase gene. The activity of §-gal directly correlates to the amount of
active SHR (Figure[2.1)). Of the five SHRs, GR, AR, MR and PR recognize the same re-
sponse element and have the same reporter plasmid [Beato et al.,|1989}; Nelson et al.,
1999]]. ER, on the other hand, recognizes a different DNA sequence and needed a
different reporter plasmid [Klein-Hitpal3 et al., 1986].

The SHRs used in this study are mammalian proteins. Hence it was first neces-
sary to confirm that these proteins depend on yeast Hsp90 for their activation and
maturation. Hsp90 can be specifically inhibited using radicicol which blocks the AT-
Pase cycle and thus the functionality of Hsp90. The WT yeast strain was treated with
increasing concentrations of radicicol to inhibit Hsp90 and the effect on the activity
of the SHRs was monitored using the $-gal assay. In agreement with the literature,
the SHR activities decreased with increasing radicicol concentrations (Figure [3.10A-
E). The activity of g-galactosidase alone on the other hand, expressed constitutively
in the cell under the GPD promoter, stayed constant (Figure [3.10F). Thus the mam-
malian SHRs depend on the yeast Hsp90 machinery when expressed exogenously in
yeast. The results also validate that g-galactosidase is not an Hsp90 client protein
and hence can be used as a reporter to specifically monitor SHR activity.

Within the SHR family, the five receptors show a different response to Hsp90
inhibition. GR, MR and PR respond strongly to Hsp90 inhibition and lose 50% of
their activity with just 0.5 to 1 pM radicicol. This shows that these proteins are
stringent Hsp90 clients and constantly require the assistance of the Hsp90 machinery
for their maturation. On the other hand, AR and, more so, ER seem to depend less
stringently on Hsp90 as they show a 50% reduction in their activity only after using
10 uM or more radicicol (Figure [3.10).

Studying all the SHRs, in parallel, in the same yeast parental strain and same
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Figure 3.10: Hsp90 dependence of SHRs. Increasing concentrations of the Hsp90
inhibitor radicicol were added to the yeast cultures expressing SHRs or -galactosidase
alone. The activity of 3-gal was recorded spectrophotometrically at 405 nm for 20 min.
The slope of the kinetic was calculated and normalized with the ODg.

experimental conditions has two advantages. First, the comparison between SHRs
will shed light on the differences in the maturation of proteins belonging to the same
family. Second, studying stringent and less stringent client protein within a family
will help to elucidate the role of co-chaperones on the client proteins.

3.2.1 p-galactosidase activity assay for SHRs

To determine the effect of a specific co-chaperone on a given client, the activities of
all the SHRs were measured in each co-chaperone deletion/knock-down strain. The
activity was then compared to the WT strain, which was normalized to 1.
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e GR

GR is one of the best studied SHRs. In agreement with the literature [Chang
11997]1, GR activity is compromised in the Stil deletion strain. Additionally,
the knock-down of Sgt1 adversely affects GR activity. Unlike the observations by
[Duina et al., [1996], Cpr6 deletion led to a decrease in GR activity, while Cpr7
deletion had no influence. Surprisingly, deletion of Ppt1l, Ahal and Hch1, and the
knock-down of Cns1, led to an increase in the GR activity. Tah1, and Pih1 deletion
and Cdc37 knock-down did not influence GR activity compared to the WT strain.
Taken together, the results suggest that the activity of GR is modulated by several
Hsp90 co-chaperones and their influence can be either positive or negative (Figure
3.11).

GR

Relative activity (units)

Figure 3.11: Influence of Hsp90 co-chaperones on GR activity. GR was expressed in
all strains under the GPD promoter. Absorbance at 405 nm was recorded for for 20 min
to determine the [3-gal activity. The slope of the kinetic was calculated and normalized
with the ODgg. The measurements were at least done thrice, each time in triplicates and

the results were pooled.
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e MR

MR was studied similarly. The first striking difference to GR was that MR is not
dependent on Stil, for its activity as Stil deletion had no effect. Similar to GR,
Sbal, Cpr6 deletion and Sgt1l knock-down adversely affected MR activity. Ahal
and Hchl deletion again led to an increase in MR activity, suggesting a negative
regulatory role for these homologous co-chaperones for both GR and MR. Pptl,
Cpr7, Tah1, Pih1 had Cdc37, Cns1 did not affect MR activity (Figure (3.12).

MR

Relative activity (units)

Figure 3.12: Influence of Hsp90 co-chaperones on MR activity. MR was expressed
in all strains under the GPD promoter, together with its reporter plasmid. The activity
of 5-gal was determined as described previously. The measurements were at least done
thrice, each time in triplicates and the results were pooled.
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¢ PR

In the case of PR, Sbal, Cpr6 and Sgtl again seem to be important for its activity,
but Stil is not. Surprisingly, knock-down of Cdc37, which is known to be a kinase
specific co-chaperone, led to a decrease in PR activity. Like GR, deleting Pptl,
Ahal, and knocking down Cnsl led to an increase in PR activity. Thus except
for the Stil and Cdc37 effects, PR behaves similarly to GR with regards to its co-
chaperone dependence (Figure[3.13)).
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Figure 3.13: Influence of Hsp90 co-chaperones on PR activity. PR was expressed in
all strains under the GPD promoter, together with its reporter plasmid. The activity of
B-gal was determined as described previously. The measurements were at least done
thrice, each time in triplicates and the results were pooled.

e AR

Deletion of both Stil and Ppt1 led to an increase in the activity of AR. Additionally,
unlike the other SHRs, deleting Cpr7, Tah1 and Pih1 also led to an increase in the
AR activity. Similar to all the SHRs, Sbal and Cpr6 seem to play an important
role in AR activation, however knocking down Sgtl does not affect AR unlike the
other receptors. Taken together, the picture suggests that AR is mostly negatively
regulated by the Hsp90 machinery and differs significantly than GR, MR and PR in
its co-chaperone requirement (Figure [3.14).
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AR

Relative activity (units)

Figure 3.14: Influence of Hsp90 co-chaperones on AR activity. AR was expressed
in all strains under the GPD promoter, together with its reporter plasmid. The activity
of 3-gal was determined as described previously. The measurements were at least done
thrice, each time in triplicates and the results were pooled.

ER

ER was least dependent on Hsp90 as shown in Figure [3.10E. It fits well that com-
pared to the other SHRs, ER activity is affected by very few co-chaperones. Like
observed for the other SHRs, Sbal and Cpr6 deletion led to a decrease in ER activ-
ity, while Cns1 knock-down, led to an increase in ER activity. The effect of knock-
ing down Cnsl on ER activity was even more pronounced than that observed for
PR. Other Hsp90 co-chaperones did not influence ER activity. This observation
strengthens the notion that ER is not stringently Hsp90 dependent and requires
only minor assistance from the Hsp90 system (Figure 3.15)).
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Figure 3.15: Influence of Hsp90 co-chaperones on ER activity. ER was expressed in
all strains under the GPD promoter, together with its reporter plasmid. The activity of
B-gal was determined as described previously. The measurements were at least done
thrice, each time in triplicates and the results were pooled.

3.2.2 Effect of temperature on the co-chaperone dependencies of
SHRs

During heat stress, the assistance of co-chaperones may become even more vital
for the cell. Moreover, among the Hsp90 co-chaperones, Stil and Cpr6 are stress-
inducible. It was thus interesting to study the behaviour of the SHRs and their co-
chaperone dependence at various temperatures. The optimum temperature used for
yeast growth during all the experimental procedures was 30°C. The effect of co-
chaperone deletions on SHR activity were carried out also at 20°C and 25°C, and at
37°C to test the effects under heat stress. Comparing the activity of GR in the WT
strain at all the four temperatures shows that the activity increases with temperature.
In this respect, MR behaved similar to GR (Figure [3.16)).
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A GR 20°C B MR 77 20°c
25°C 25°C
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Figure 3.16: Effect of temperature on GR and MR co-chaperone dependency. -gal
assays were repeated for GR and MR at 20°C, 25°C, 30°C (optimal) and 37°C (heat
stress). The activity of GR and MR at 30°C was normalized to 1 and the activities in the
WT strain at the other temperatures were normalized accordingly. The activity of each
SHR in the deletion strains normalized to the WT at each respective temperature.

Surprisingly, PR, AR and ER were no longer active at 37°C (Figure [3.17|and |3.18)).
In the case of AR, the highest activity was observed at 25°C. Despite these differ-
ences, when the activity of a client protein in all the deletion strains was compared
to the WT at the same temperature, the trend in client-co-chaperone dependence was
still conserved. The results thus show that the client-co-chaperone dependencies are
quite robust over a wide temperature range and are not altered under heat stress.
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Figure 3.17

assays were repeated at 20°C, 25°C, 30°C and 37°C. Normalization was done similar to
Figure |[3.16l The activity of each SHR in the deletion strains normalized to the WT at

each respective temperature
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30°C and 37°C. Normalization was done similar to Figure

The activity of each SHR in the deletion strains normalized to the WT at each
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were repeated at 20°C

3.16

3.2.3 Tagging SHRs

co-chaperone requirements. In order to investigate the protein levels of the SHRs and
88

The activity of the SHRs at different temperatures show that they have specific, robust



3.2 Influence of the Hsp90 co-chaperones on SHRs

to further investigate the SHR-co-chaperone relationship, it was essential to visualize
these proteins by western blot. However, the bottle neck in this endeavour was the
lack of good commercial antibodies directed against the SHRs. Thus, to circumvent
this problem, the SHRs were initially tagged using the FLAG tag. However, a single
FLAG tag (DYKDDDDK) has a sequence similar to the charged linker region of Hsp90.
This led to the cross-reactivity of the anti-Hsp90 antibody and unspecific detection of
the Hsp90 and the SHRs (82 kDa and 100 kDa). As a result, the SHRs were tagged
at the N-terminal end with a HA-tag.

GR, MR and ER were selected to be HA-tagged and analysed further. In order to
investigate whether tagging the SHRs at the N-terminus alters their activities, §-gal
assays described above were repeated using the tagged variants. The results show
that GR and HA-GR show no significant differences with respect to their co-chaperone
dependencies (Figure|3.19).
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Figure 3.19: HA-GR and GR have similar co-chaperone requirement. 3-gal assays
were performed with strains expressing N-terminally HA tagged GR. The activity in WT
was normalized to 1 and the remaining activities were normalized according to this. The
data was pooled from 3 or more separate experiments with biological triplicates in each
experiment. For comparison, the pooled data of untagged GR was reused.

For MR, the N-terminal HA-tag altered its chaperone dependency with respect to
the Sbal and Cpr6 deletion strains. Surprisingly, the HA-MR activity did not decrease
in these strains, like observed for the untagged MR (Figure [3.20)).

Finally, for ER, which is the least Hsp90 dependent SHR, the differences between
HA-ER and ER were the most prominent. As shown in Figure ER had lower
activity in Sbal, Cpr6 and Sgt1 deletion strains. It also showed higher activity in the

89



3. RESULTS

4
[ MR
[_IHA-MR

3_

24

Relative activity (units)

&N NN OB ANNNNLZ 2
D PP ST @ USRS & &
L O A S

Figure 3.20: HA-MR and MR co-chaperone dependencies. [3-gal assays were per-
formed with strains expressing N-terminally HA tagged MR. The measurements were
done thrice each time in triplicates and the results were pooled. For comparison, the
pooled data of untagged MR was reused.

Cns1 knock-down strain. For HA-ER however, all of these effects no longer held true.
Unexpectedly, the HA-ER behaved WT-like in all the deletion strains (Figure|3.21)).
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Figure 3.21: HA-ER and ER co-chaperone dependencies. 3-gal assays were performed
with strains expressing N-terminally HA tagged ER. The measurements were done thrice
each time in triplicates and the results were pooled. For comparison, the pooled data of
untagged ER was reused.

90



3.2 Influence of the Hsp90 co-chaperones on SHRs

3.2.4 Effect of the growth phase of yeast on the client-co-chaperone
dependencies

In all the 5-gal assays elaborated upon above, stationary phase cells were used. For
yeast experiments, it is typical to use logarithmically growing cultures. It was there-
fore essential to analyse whether the growth state of the yeast affected the activity
assay read-out. This is especially of interest for the three knock-down strains, as
the knock-down effect using dAMP (decreased abundance by mRNA perturbation)
was most prominent in the logarithmic phase when the cells were actively growing
and reproducing. To this end, the §-gal assays were repeated with yeast grown and
maintained in the logarithmic phase. The results show no significant differences in
the activity of GR (chosen for test) measured during the log and stationary phase
(Figure [3.22). Thus, as a matter of convenience, the assays were uniformly done in
the stationary phase.
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Figure 3.22: GR activity is not influenced by the growth phase of yeast. HA-GR was
constitutively expressed in all strains, together with its reporter plasmid. In the stationary
phase, the cells were cultured overnight and induction with hormone was done for 20 h.
For log phase measurements, the cells were maintained at ODgg9=1-2 during the entire
assay. Hormone induction time was reduced to 4 h. The measurements were done thrice,
each time in triplicates and the results were pooled.
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3.2.5 Data analysis of the 5-gal reporter assays

Every [-galactosidase reporter assay was performed using three separate transformed
colonies (biological replicates) in a 96-well plate as described in Section [2.3.8.1] Fig-
ure gives an example of the raw data measured during a (-gal assay. The
kinetic reaction measured for 20 min was plotted and the linear part of the curve
was used to calculate the slope. The slopes were normalized using ODgy, measured
for respective well. The total protein concentrations can also be used to normalize
the activity measurements. Either method of optimization did not influence the final
result. Hence as a matter of convenience, ODgy was used. Figure [3.23B is a repre-
sentative of the numerous (-gal assays measured in this work. It can be seen that
the (-gal activity (slope/ODgyo) obtained for three separate colonies are consistent
without showing any major deviations. It is also noteworthy that the lysis buffer does
not completely lyse the cells, but only permeabilizes them. This ensures that differ-
ences in lysis efficiencies between different strains, if any, do not affect the activity
measurements.
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Figure 3.23: Data analysis of the 3-gal assays. (A) (3-gal assays measured in triplicate
for WT and Cpr6 deletion strain are shown. In each case, the linear part of the curve was
used to calculate the slope. The R? value was greater than 0.98. For the final calculation
an average of the three slopes for each strain was used. (B) The slope were normalized
with the ODgyy measured in the same plate-reader.
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3.2.6 Protein levels of GR

Since GR and HA-GR behaved similarly in the activity assay, the next step was to
investigate whether the differences in the activity correlate to the changes in the
steady-state GR levels in different deletion strains.

In order to get reproducible and quantifiable blots, several optimization steps
were required. Different loading volumes were tested for the lysates. For HA-GR, 10
ul gave the best results. Initially, individual lysates from different strains expressing
the HA-GR were loaded on one gel. However this led to considerable variation in
multiple experiments. Hence, in order to get reliable results and reproducibility,
lysates made from three different transformants were loaded onto the same gel to
get a more direct comparison. It was also observed that the blots looked much better
and were more reproducible using logarithmic phase yeast cultures and hence for all
the blots, sample were made from yeast grown to an ODgy=1-1.2. The lysis was
done using the alkali lysis method (Section [2.3.7.1). The blots show that HA-GR
levels differ in some deletion strains but mostly are WT-like (Figure [3.24).

WT ASti1 APpt1 ASba1 WT WT  AHch1 ATah1 APih1 WT
U I e —— . - e >
IB: HA
————— r— — ——— — ——" ™™
IB: PGK
WT ACpr6 ACpr7 AAha1 WT WT cde37*  cns1* sgt1* WT
- - el Al T T T ——— O e — -—
IB: HA
IB: PGK

Figure 3.24: Steady-state levels of HA-GR.Three separate log phase cultures were used
for preparing samples using the alkali lysis method. Anti-HA monoclonal antibody was
used to detect HA-GR. PGK was used as a loading control.

Quantifying the signal using ImageJ and normalizing it with the PGK signal in the
respective lane gave the relative amount of GR in a given deletion strain. The HA-GR
level in the WT was considered as 1. The quantification showed that most of the
co-chaperones deletion strains including Stil, Pptl, Cpr7, Hch1 and the Cns1 knock-
down strain have comparable HA-GR levels like the WT. Cpr6, Tah1, Cdc37 and Sgt1
deletion/knock-down strains on the other hand, have lower steady-state HA-GR.The
Ahal deletion strain had more HA-GR than the WT. Despite having triplicates on a
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single blot, there were some variations among the three samples like Sbal and Pih1
deletion strains (Figure (3.24).
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Figure 3.25: Quantification of the steady-state levels of HA-GR. Triplicate-blots like
in Figure [3.24] were quantified using ImageJ. The HA-GR band intensities were normal-
ized with the PGK signal in the respective lane. Quantifications from five independent
experiments were pooled to obtain the final values and error bars.

In order to analyse the HA-GR levels in further details, the pellet fractions ob-
tained in the alkali lysis method were solubilized using a urea buffer and also anal-
ysed by western blot. Figure is a representative blot which shows that a signif-
icant amount of HA-GR was present in the pellet fraction. This fraction of GR was
SDS-insoluble and was likely aggregated in the cells. Solubilizing these aggregates
was possible using 8 M urea. The PGK control confirmed that the pellet fraction
did not have a contribution of unlysed cells, as PGK, a soluble cytosolic protein, was
present only in the supernatant fraction.

Total HA-GR levels were calculated by adding the pellet and supernatant signals.
The total HA-GR level (Figure in the strains were comparable to the soluble
fraction calculated above. Additionally, the distributions of HA-GR in the supernatant
and the pellet fraction for each strain were in a similar range (Figure [3.28)). Approx-
imately 60-70% of the total HA-GR was soluble, while 30-40% was in the pellet
fractions. The Sgtl knock-down strain was an exception to this with almost 90% of
HA-GR in the soluble fraction.
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Figure 3.26: Cellular fractionation of HA-GR. HA-GR expressing yeast cultures were
lysed according to the alkali lysis method. The pellet fraction was then solubilized in 8 M
urea and boiled in equal amounts of Lammli buffer. Equal volumes of both supernatant
and pellet fraction were loaded on SDS-gels. The PGK signal was used to normalize both
supernatant and pellet HA-GR signal.

4
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Figure 3.27: Quantification of total HA-GR levels. Normalized HA-GR band intensities
quantified using Image J were added to calculate total HA-GR levels in the cell. The WT
amount was considered as 1 and remaining strains were normalized accordingly. Data
from three individual experiments was pooled to calculate the mean and error.

Soluble fractions from three independent experiments and the triplicates on the
same blot measured before were all pooled to obtain a final quantification of HA-GR
steady-state levels in all the yeast strains . The HA-GR level was lower than WT in the
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Figure 3.28: Distribution of HA-GR in the supernatant and pellet fraction. Total HA-
GR levels were calculated by adding the individual supernatant and pellet normalized
intensities. The percentage of the total that is contributed by the supernatant signal is
termed as “soluble fraction” (A) and that contributed by the pellet is termed as “pellet
fraction”(B). Total HA-GR value in the WT was considered as 100% and the signal of the
deletion strains was normalized with respect to the WT.

Cpr6 deletion strain and the Sgt1 knock-down strain. These results correlate perfectly
with the decreased activity of the SHRs in this strain (Figure [3.29). Similarly, the
increased activity of GR in the Ahal deletion strain correlates with a higher HA-GR
protein level in this strain. However, the same is not true for the Hch1 deletion strain.
In some cases, the activity and the protein level did not correlate directly. The Cdc37
knock-down strain had lower levels of HA-GR compared to the WT, but the activity of
HA-GR in this strain was WT-like. In the case of Pptl, Hch1, Tahl and Pih1 deletion
strains, the GR activity was WT-like or slightly higher, however the protein levels were
in most cases lower than that in the WT strain. Intriguingly, the HA-GR level in the
Stil and the Sbal deletion strains were WT-like, however GR was less active in these
strains. Thus, the activity and protein levels do not correlate directly in most cases,
pointing towards a more complex regulation and influence of the co-chaperones on
GR activity.

3.2.7 Influence of Stil deletion on the conformation of HA-GR

Based on the activity protein-level correlation of HA-GR, it was interesting to see that
in the case of Stil, the decreased activity did not correlate with the HA-GR levels.
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Figure 3.29: Correlation of the activity and protein levels of GR. -gal activity from
Figure are compared to the relative soluble HA-GR amount in all the strains.

This suggested that in spite of having WT-like level of HA-GR in the Stil deletion
strain, the protein was not activated to the same extent. To investigate whether
GR expressed in the Stil deletion strain is in a different conformation as compared
to GR expressed in the WT strain, limited proteolysis for performed. In brief, HA-
GR from both WT and Stil deletion strain was immunoprecipitated using anti-HA
beads. Using increasing concentration of Proteinase K, HA-GR was digested on the
beads and analysed by western blot. As a comparison, HA-GR expressed in the Cpr7
deletion strain was also treated similarly.

Figure shows that the full length HA-GR (approximately 100 kDa) de-
creases with increasing Proteinase K concentration. Already at a concentration of
0.1 pg/ml, HA-GR in the Stil deletion strain was more susceptible to Proteinase K
digestion than in the WT strain, confirming the hypothesis that HA-GR is in a differ-
ent conformation, in this strain. The lower panel shows a quantification of the 100
kDa HA-GR band. As a control, HA-GR expressed in the Cpr7 deletion strain on the
other hand had similar susceptibility to Proteinase K digestion like in the WT strain

(Figure [3.30B).
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Figure 3.30: Stil deletion influences the conformation of GR. ODg;(=30 cells were
lysed in a native buffer without protease inhibitors. Following pull-down using anti-HA
beads, HA-GR was subjected to limited proteolysis with increasing Proteinase K concen-
trations. (A) WT-AStil comparison; (B) WI-ACpr7 comparison. An anti-HA monoclonal
antibody (Sigma anti-HA clone HA-7) was used to detect the HA-GR (upper panels). The
full-length GR band was quantified by ImageJ (lower panels). The HA-GR level in the
WT was normalized to 100%.

3.2.8 Influence of the Hsp90 machinery on stabilized GR mutants

Based on their Hsp90 dependence, the SHRs could be differentiated as stringent and
less stringent clients. Furthermore, the less stringent clients like ER also showed
fewer Hsp90 co-chaperone requirements. After studying the co-chaperone require-
ments of GR, it was then interesting to investigate whether stabilized mutants of GR,
show any differences to GR-WT with respect to their co-chaperone dependencies.
For this purpose, two different stabilized mutants were used: GR-F602S [Bledsoe
et al., [2002], referred to as GR1le and GR-A605V, M752T, V702A, E705G, F602S,
referred to as GR9a in this study [Seitz et al., 2010]. GR1e possesses a single point
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mutation, while GR9a has 5 stabilizing mutations. It has been recently shown that
both stabilized mutants are much more active than GR-WT when expressed in yeast
[Lorenz et al., 2014]]. The authors also show that the two mutants are still depen-
dent on Hsp90, albeit less stringently than the GR-WT. Analysis of the co-chaperone
dependence of GR1e shows that it is very similar to GR-WT (Figure [3.31]A). Minor
differences were observed in terms of fold changes in activity in the Ppt1, Ahal and
Hch1 deletion strains, demonstrating that the changes in activity do not deviate from
the WT strain as much as for GR-WT. The trend of co-chaperone dependency how-

ever, was the same for GR-WT and GR-1e.
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Figure 3.31: Co-chaperone dependency of stabilized GR mutants. GR-1e and GR-9a
were constitutively expressed in the strains similar to GR-WT. §-gal assays were per-
formed as described previously. The activity of each construct in the WT strain was
normalized to 1 for comparison.

In the case of GR9a, which is further stabilized and also the least dependent on
Hsp90 among the three, significant differences in the co-chaperone dependency were
observed. One striking effect was that GR9a did not depend on Stil and Cpr6 (both
co-chaperones essential for GR-WT activation as shown in Figure [3.11)). Surprisingly
however, GR9a still showed decreased activity in the Sbal deletion and Sgt1 knock-
down strain (Figure [3.31B). Thus stabilization of GR through these mutations seems
to alleviates the requirement of Stil and Cpr6 in its maturation, suggesting a role of
these co-chaperones in stabilizing GR.
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3.2.9 Protein levels of GR stabilized mutants

After performing activity assays for the two mutants, their steady-state protein levels
were analysed in all the strains. Figure shows GR-WT, GR-1e and GR-9a levels
with their respective PGK loading controls. The GR-WT and GR-1le protein levels
show a similar trend across the deletion strains, corroborating the finding that GR-
le behaves like the GR-WT in the activity assays. On the other hand, the protein
level of GR-9a was almost constant in all the deletion strains. It is noteworthy that
in the Cpr6 deletion strain, GR-WT and GR-1e levels were lower compared to the
WT strain, but the same is not true for GR-9a. In accordance with the activity data,
GR-9a shows decreased protein abundance in the Sgtl knock-down strain. In the
Sbal deletion strain surprisingly, the activity of GR-9a mutant was less than in the
WT strain, similar to GR-WT. However, the GR-9a protein levels are comparable to
those in the WT strain suggesting that the GR-9a is stable in the Sbal deletion strain
but less active.

GR-WT IB: GR

IB: PGK

GRAe IB: GR

IB: PGK
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Figure 3.32: Steady-state levels of GR mutants. Log phase cultures constitutively
expressing GR-WT, GR-1e and GR-9a were used for preparing samples using the alkali
lysis method. Anti-GR polyclonal antibody (anti-GR N499, a kind gift from B.Freeman)
was used to detect GR-WT and mutants. PGK was used as a loading control.

3.2.10 Dose response curves for GR and the stabilized mutants

In order to dissect the results obtained in the activity assays and to further validate
the phenotype observed for the GR-9a mutant, dose response curves were recorded
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for GR-WT and GR-9a with hormone (DOC) concentrations varying from 1 nM to
200 pM . The j-gal activity increases with increasing hormone concentration used
for induction. As shown previously, the GR-9a mutant was approximately 8 fold more
active than GR-WT. As a result, while GR-9a reached saturation after 50 pM DOC,
GR-WT did not. The dose response curves can give a measure for both ligand potency
(ligand binding capacity) as well as ligand efficacy (maximum amount of activation
possible). However, since the GR-WT curves did not reach saturation, the effects of
the deletion strains on efficacy for GR-WT cannot be observed.
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Figure 3.33: Dose response curves-l. §-gal assays were performed with increasing
concentration of DOC (1 nM to 200 pM ). The black curve depicts the activity of GR
in the WT strain, while the red curve stands for the deletion/knock-down strain. Each

measurement was done in triplicates.

The curves validate the results obtained in the earlier $-gal assays. Due to a wider
range of hormone concentration tested, the effects of co-chaperone deletions/knock-
downs could be observed unambiguously. Figure [3.33]A-B shows that GR-9a activity
is not lowered in the Stil and Cpr6 deletion strains while GR-WT has a pronounced
lower activity in these strains compared to the WT. The mutant protein also shows a
similar ligand potency and ligand efficacy as the WT strain. Despite its stabilization
and a greater Hsp90-independence, GR-9a activity dropped in the Sbal deletion and
Sgtl knock-down strain. In both these cases, GR-9a shows a lower hormone potency
as well as a lower efficacy (Figure [3.33[C-D).

In the case of the Ppt1, Ahal and Hch1 deletion strains, GR-WT has slightly higher
activity than in the WT-strain. GR-9a has higher activity in the Ppt1l and Ahal dele-
tion strain, but not in the Hch1 deletion strain. Moreover, in the Pptl strain, GR-9a
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seems to have a better ligand efficacy than the WT strain (Figure [3.34A-C). Finally,
the remaining deletion strains including Cpr7, Tah1, Pih1 and Cdc37 and Cns1 knock-
down strains do not show any differences in the activity of both clients compared to

the WT strain (Figure and [3.35A-D).
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Figure 3.34: Dose response curves-II. -gal assays were done as described before. WT:

black, deletion strain: red. Each measurement was done in triplicates.
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Figure 3.35: Dose response curves-IIl. 5-gal assays were done as described before.

WT: black, deletion strain: red. Each measurement was done in triplicates.
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3.3 Influence of the Hsp90 co-chaperones on Src ki-
nase variants

The results from the steroid hormone receptors lead to a notion that Hsp90 client
proteins require the assistance of specific co-chaperones and these requirements are
dictated by the respective client protein. To investigate whether this phenomenon
is specific just for SHRs, a viral kinase (v-Src), strongly dependent on Hsp90 was
studied next. v-Src is constitutively active and unspecifically phosphorylates pro-
teins, imparting toxicity and cell death in yeast. The activity of v-Src thus can be
directly studied in yeast based on a survival test. Moreover, since v-Src is a phospho-
tyrosine kinase and yeast lack endogenous phosphotyrosine kinases, the activity of
v-Src can be monitored specifically by western blot [Brugge, 1986]. The mammalian
cellular kinase (c-Src) is not a Hsp90 client, however certain mutants of c-Src need
the assistance of the Hsp90 machinery for their maturation. Thus, we employed
two such c-Src mutants, namely c-Src3M and c-Src3MAC that are more similar to
v-Src, but less toxic to yeast [Boczek et al., 2015]. It has been shown that v-Src and
these Src mutants depend on yeast Hsp90 for their activation. v-Src, as expected, is
most strongly Hsp90-dependent, followed by the c-Src3MAC and c-Src3M mutants
[Boczek et al., [2015].

DMSO Radicicol
osre | IR X0
o-sreac| XN XXX
c-sream| O XX
e-sreavac| CRNEE XX
vsro| EEH CXXRW

Figure 3.36: Hsp90 dependence of SHRs. c-Src, c-Src mutants and v-Src were spotted
on selective media plates with DMSO or the Hsp90 inhibitor radicicol. For v-Src and the
c-Src mutants, active proteins impart toxicity to the cell. If the cells are viable, the client
protein is inactive. Figure adopted from [Boczek et al., 2015]

The activity of v-Src and both the c-Src mutants was first directly compared on
a phosphotyrosine blot (Figure [3.37). The blot shows that as expected, v-Src is the
most active among the three, closely followed by c-Src3MAC. c-Src3M showed the
lowest phosphotyrosine activity. Additionally, it should be noted that in the unin-
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duced samples, where no Src kinase was expressed, no phosphotyrosine activity was
detected.

v-Src ¢-Src3M  ¢-SrcSMAC
o

R
)

IB: P-Tyr

Figure 3.37: Phosphotyrosine activity of v-Src and Src mutants. Expression of v-
Src and c-Src mutants was induced under the Gall promoter for 6 h (+). In parallel,
uninduced samples were grown in selective medium with Raffinose (—). Samples were
prepared by the alkali lysis method and analysed by western blot. Equal ODgg of cells

was used for sample preparation.

3.3.1 v-Src

v-Src is a stringent Hsp90 client. It has been shown that the ‘connector’ co-chaperone
Stil and the ‘kinase specific’ co-chaperone Cdc37 are essential for the maturation of
v-Src [[Chang et al.l, |1997; Mandal et al., 2007]. The results from the survival test
confirm that exogenously expressed v-Src is toxic to yeast cells. In the WT strain,
where v-Src is fully functional, no cell growth is observed (Figure [3.38A). The same
is the case for most of the co-chaperone deletion strains. In agreement with the
literature, the Stil deletion strain can grow in spite of v-Src induction, thus validating
the role of Stil in v-Src maturation. The Cdc37 dAMP strain, did not grow upon v-
Src induction. The probable reason for this effect is that in this strain, the levels of
Cdc37 are slightly lower than the WT levels (mRNA amount typically reduced two-
to ten-fold [Schuldiner et al., 2005]). The reduced levels of functional full-length
Cdc37, unlike the mutant Cdc37 used in earlier studies [Dey et al., 1996; [Fliss et al.,
1997]], is probably sufficient to fold and activate v-Src to some extent. Since v-Src is
extremely active in the cells, even a few v-Src functional molecules may be sufficient
to impart toxicity to the yeast cells. The survival assays can only show which co-
chaperones are required for v-Src maturation. However, if certain co-chaperone act
as negative regulators of v-Src activity, such that deleting these co-chaperones would
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3.3 Influence of the Hsp90 co-chaperones on Src kinase variants

lead to an increase in v-Src activity, then this information would be lost in this assay
as the read-out would still be cell death.

Hence, in order to have a better understanding of v-Src activity, a more sophis-
ticated approach was to monitor its phosphotyrosine activity (Figure [3.38B). The
phosphotyrosine blots show that uninduced yeast cells do not show significant phos-
photyrosine signal. The entire phosphotyrosine signal thus corresponds to specific
v-Src activity. v-Src is active in all strains, as seen in the survival assay. The Stil dele-
tion strain shows significantly lower phosphotyrosine levels as compared to the WT,
validating the survival results and those published previously [Chang et al., [1997].
Additionally, a slightly lower v-Src activity can be seen in the Cdc37 knock-down
strains. Blotting for the levels for v-Src, it can be seen that the steady-state levels of
v-Src are lower in the Stil deletion strain but are comparable to the WT in the Cdc37
knock-down strain. This suggests that Stil and Cdc37 might have different modes
of action in assisting the maturation of v-Src. The phosphotyrosine blots also show a
slight decrease in the signal for the Sbal deletion strain which is again in agreement
with literature [Fang et al., 1998]]. Surprisingly a lower phosphotyrosine activity was
also observed in the Sgtl knock-down strain. These effects however could not be re-
solved on the survival assay. Both the Sbal deletion and the Sgt1 knock-down strains
also show slightly lower v-Src steady-state levels. Compared to the WT, Cpr7, Hchl,
Tah1 and Pih1 show a slight increase in their signal intensities, suggesting that v-Src
might be more active in the absence of these co-chaperones.

3.3.2 c¢-Src3MAC

c-Src3MAC is similar to v-Src and depends on Hsp90 for its maturation. The C-
terminal regulatory domain of c-Src is truncated in this construct, making it consti-
tutively active. Additionally, three residues in the kinase domain have been mutated
making it unstable and Hsp90-dependent. However, albeit these changes c-Src3MAC
is not as active and lethal as v-Src suggesting that additional factors must be respon-
sible for the constitutive hyper-active nature of v-Src. Using the Src mutants offers
a “resolution window” to study the chaperone dependence of the Src kinases owing
to their decreased toxicity. The survival assays show that Stil and Cdc37 play an
important role in the activation of c-Src3MAC (Figure [3.39). The phosphotyrosine
blots validate that the Stil deletion strain and the Cdc37 knock-down strains show
decreased c-Src3BMAC activity. Like in the case of v-Src, the Sgt1l knock-down also
had decreased c-Src3MAC activity, while Hch1, Tah1, Pih1 showed slightly higher
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Figure 3.38: Influence of the Hsp90 co-chaperones on v-Src. (A) ODgop=2 of yeast

cells were serially diluted and plated. Growth of yeast indicates inactive v-Src kinase
demonstrating the dependence of the kinase on that particular co-chaperone. (B) Phos-
photyrosine blots show the activity of v-Src expressed under the Gall promoter. v-Src
induction (+) was done in galactose medium for 6 h. Uninduced cultures (—) were
grown in raffinose medium. (#) : unspecific band, serves as loading control

c-SrcBMAC activity. Surprisingly, the Sbal deletion strain no longer showed a lower
activity for c-Src3MAC, contrary to the observation for v-Src (Figure [3.39B).

IB: P-Tyr

#
IB: avian-Src

Figure 3.39: Influence of the Hsp90 co-chaperones on c-Src3MAC. (A) Similar to
the assays for v-Src, spot tests were done for c-Src3MAC. Cell survival indicates inac-
tive c-Src3MAC. (B) Phosphotyrosine blots for samples expressing c-Src3MAC (+) and
uninduced cultures (—). (#) : unspecific band, serves as loading control
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3.3.3 c-Src3M

c-Src3M is more similar to c-Src than v-Src. It has very low phosphotyrosine activity
and is not very toxic to yeast. Comparing the three Src kinases in this study; it is also
the least dependent on Hsp90. In the survival assay all the strains were able to grow
even on galactose plates (Figure [3.40A) and thus is was difficult to comment on the
co-chaperone dependence of c-Src3M just based on this assay. Based on the phospho-
tyrosine blots, the Cdc37 and Sgt1 knock-down strains show a significant decrease in
c-Src3M activity. Thus, these co-chaperones are important for c-Src3M maturation,
as expected. Surprisingly, the Stil deletion strain does not exhibit reduced c-Src3M
activity, suggesting that Stil requirement in the maturation of this mutant might be
alleviated (Figure [3.40B). It should be noted that compared to the phosphotyrosine
blots for v-Src, the induced/uninduced signal ratio was lower in this case. In other
words, more unspecific background signal was detected in the raffinose grown cul-
tures. Since the general activity of this kinase was very low, the exposure times for
the blots had to be increased and hence the higher background signal.
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Figure 3.40: Influence of the Hsp90 co-chaperones on c-Src3M. (A) Survival assay
for c-Src3M as described earlier. (B) Phosphotyrosine blots showing cultures expressing
¢-Src3M (+) and uninduced cultures (—).(#) : unspecific band, serves as loading control.

3.3.4 Effect of temperature on the co-chaperone dependency of
v-Src

Similar to the SHRs, the effect of temperature on the co-chaperone requirement of
v-Src was studied. To this end, survival assays were performed at 25°C (lower than
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optimum) and 37°C (heat stress). It was observed that the strains grew slower at
25°C, however they showed a similar trend to the results at 30°C shown earlier (Fig-
ure[3.38). The Stil deletion strain expressing v-Src grew better than the WT strain at
both temperatures. Surprisingly, all the strains were viable at 37°C, suggesting that
v-Src was no longer active at this temperature. Given the intrinsic instability of v-Src
[Boczek et al., 2015], it is possible that the exogenously expressed protein was not
stable at 37°C (Figure [3.41)).

25°C 37°C

Figure 3.41: Influence of the Hsp90 co-chaperones on c-Src3M. Survival assays were
performed as described previously, and plates were incubated at 25°C or 37°C, respec-
tively, for 2 days.
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3.4 Influence of the Hsp70 machinery on Hsp90 client
proteins

In order to study the influence of some components of the Hsp70 machinery on
Hsp90 client proteins, we studied three deletion strains of Hsp70 co-chaperones.
Ydj1 is one of the most important J-proteins in yeast. The Ydjl deletion strain has

a growth defect [Caplan & Douglas, [1991]] and also exhibits a temperature-sensitive
phenotype when grown at 37°C [Caplan et all 1992]. Ssel is a member of the
Hsp100 family and activates the ATPase activity of Hsp70 [Raviol et al., 2006]]. Fi-
nally Snl1, a homologue of the mammalian Bag1, acts as a nucleotide exchange factor

for Hsp70 [Sondermann et al.,|2002]. Each of the SHRs and v-Src were expressed in

these deletion strains and their activity was compared to the WT strain.
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Figure 3.42: Influence of the Hsp70 co-chaperones. (A-E) -gal assays were measured
for all five SHRs in the Hsp70 co-chaperone deletion strains. The activity in the WT strain
was considered 1. (F) Survival assays for the effect of Hsp70 co-chaperones on v-Src
activity as described previously.
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The results show that GR and MR behave similarly and have increased activity in
the absence of Ydj1 and Snll. Deletion of Ssel on the other hand led to a decrease
in GR and MR activity, suggesting a positive role for Ssel in GR and MR maturation
(Figure [3.42]A-B). PR and ER also showed higher activity in the Snll deletion strain,
but not in the Ydj1 strain (Figure and E). AR activity on the other hand was
not significantly influenced in any of the deletion strains (Figure [3.42D). In the case
of v-Src, Ydjl and to some extent Ssel, seem to be important for v-Src maturation.
Snl1 deletion did not influence v-Src activity adversely (Figure [3.42F).

3.5 Transcriptome mapping by gene-chip analysis

To investigate the deletion strains in further details, their transcriptional profiles
were studied. To this end, transcriptome mapping of the Cpr6, Cpr7 and Hch1 dele-
tion strains was performed using gene-chip analysis at the Kompetenzzentrum fiir
Fluoreszente Bioanalytik, Regensburg, Germany. Two independent cultures of each
deletion strains and the WT strain were maintained in log-phase for two days. The
cell-pellets were then flash frozen and sent to Regensburg for further analysis. The
gene-chip analysis and data processing was performed by the bioinformaticians. For
normalization of the gene-chip data, the MAS5 normalization algorithm developed
by Affymetrix [Affymetrix, 2002] was used.

3.5.1 Transcriptional analysis of the ACpr6 strain

Cpr6 is a TPR co-chaperone homologous to Cpr7. It was thus of interest to anal-
yse whether deleting Cpr6 led to any changes in the expression of other TPR co-
chaperones, including Cpr7. To this end, the mAS5-algorithm data obtained for the
Cpr6 deletion strain was compared to that of the WT strain. As expected, Cpr6 was
absent in the deletion strain. Additionally, both Hsp90 isoforms in yeast as well as
all the Hsp90 co-chaperones, including Cpr7, did not show deviation in mRNA levels
between WT and Cpr6 deletion strain (Figure [3.43). In addition to the Hsp90 sys-
tem, the Hsp70 machinery, together with nucleotide exchange factors and J-proteins
like Ydj1 were not affected (Figure [3.44A). Finally, other chaperone machineries like
chaperonins and their modulators, Hsp100s and sHsps were also not affected in this
strain (Figure [3.44B). Taken together, the data shows that deleting Cpr6 does not
lead to any deviations in the remaining chaperone machinery of the cell. Moreover,
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none of the other TPR co-chaperones were upregulated to compensate for the ab-
sence of Cpr6.

16000 EEwT
[ Jacprs

Figure 3.43: Influence of Cpr6 deletion on the Hsp90 machinery. mAS5 values ob-
tained for components of the Hsp90 machinery in the Cpr6 deletion strain were com-
pared with the WT strain.
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Figure 3.44: Influence of Cpr6 deletion on various chaperone machineries. (A)
Comparison of the mAS5 values for components of the Hsp70 machinery. Ssal-4: iso-
forms of Hsp70 in yeast, Ssel-2, Snll and Ydj1: Hsp70 co-chaperones. (B) Comparison
of the mAS5 values for components of other chaperone machineries. TCP1, CCT2-8:
modulators of chaperonin Hsp60; Hsp42 and Hsp26: sHsps.
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3.5.1.1 Changes in the gene expression in the Cpr6 deletion strain

To further investigate the changes in gene expression in the Cpr6 deletion strain
apart from the chaperone machinery, the log, values of the mAS5 data of the WT
strain were then compared to the log, values of Cpr6 deletion strain, and the fold
difference was calculated. The first hundred up- or down-regulated hits were selected
and clustered based on co-regulation patterns from co-expression databases. The
bioinformatic analysis showed that in the Cpr6 deletion strain, 71 genes showed a
two-fold or greater up/down regulation as compared to the WT strain. These 71
genes were a part of the genes selected for assembling the network. Most of the
genes selected could be assembled into an interconnected network. The network of
genes showing lower expression in the Cpr6 strain as compared to the WT are shown
in Figure It was evident from the network analysis that transcripts related to
iron metabolism (ARN1, ARN2, FRE5, TIS11, FIT1 and SIT1) were down-regulated in
the Cpr6 deletion strain. Additionally, another larger cluster of genes was identified
which belongs to genes involved in the anaerobic metabolism in yeast. Compared to
the WT, these transcripts showed reduced expression.

lower

naerobic metabolism

O D @ > >

Choms oo o oD QSR

Figure 3.45: Network of genes down-regulated in the Cpr6 deletion strain. Genes
are coloured in accordance to their log differences with the WT strain. 100% red: —1 >
log,(x); light red: —0.75 > logo(x) > —1; pink: —0.5 > logs(x) > —0.75. Black dotted
boxes highlight clusters according to cellular pathways.
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Clustering the genes which had increased expression compared to the WT strains,
led to the generation of another interconnected network (Figure [3.46). The network
shows that transcripts related to phosphate metabolism (PHO family, SPL2, VTC3
and 4, and PHM6) were upregulated in the Cpr6 strain in comparison to the WT.
Moreover, another large cluster of genes was evident. Functionally characterizing the
individual components of this cluster, it could be seen that most of these transcripts
were found to be upregulated under heat shock or stress conditions. A majority of the
members of this cluster are membrane proteins which localize to the plasma mem-
brane, endoplasmic reticulum or the mitochondrial inter-membrane space. Some
components of this cluster also are known to be upregulated in response to glucose
starvation, stationary phase and DNA replication stress. Intriguingly, a function or
metabolic pathway common to all the genes in this cluster could not be identified
and requires further bioinformatic investigation.

logz

0.756

0.5

lower

Figure 3.46: Network of genes up-regulated in the Cpr6 deletion strain. Genes are
coloured in accordance to their log differences with the WT strain. 100% green: logs(x)
> 1; 75% green: 1 > logy(x) > 0.75; 50% green: 0.75 > loga(x) > 0.5; 25% green: 0.5
> logs(x). Black dotted boxes highlight clusters according to cellular pathways.
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3.5.2 Transcriptional analysis of the ACpr7 strain

Similar to Cpr6, the Cpr7 deletion strain was validated by the missing Cpr7 mRNA.
Additionally, none of the components of the Hsp90 machinery were perturbed upon
deleting Cpr7 (Figure[3.47). Other chaperone machineries in the cell, like the Hsp70,
sHsps, chaperonins and Hsp100s were all at levels comparable to the WT (Figure
[3.48A-B). Thus, like Cpr6, Cpr7 deletion did not lead to any significant modification
of the chaperone machinery in the cell.
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Figure 3.47: Influence of Cpr7 deletion on the Hsp90 machinery. mAS5 values ob-
tained for components of the Hsp90 machinery in the Cpr7 deletion strain were com-
pared with the WT strain.

3.5.2.1 Changes in the gene expression in the Cpr7 deletion strain

The transcriptional profile of the Cpr7 deletion strain was compared next to the WT
strain. Again the first hundred genes in either direction were selected. Of these
200 genes, 120 genes showed more than 2 fold deviation from the WT transcripts.
Network analysis of the down regulated genes showed similar clustering to the Cpr6
deletion strain. The Cpr7 deletion strain also showed a reduced expression (com-
pared to the WT) of genes involved in iron metabolism as well as anaerobic growth
(Figure [3.49).

Analysing the genes with increased expression in the Cpr7 deletion strain showed
that in this case, most of the genes formed one large cluster, similar to the stress
responsive cluster up-regulated in the Cpr6 deletion strain. Most of the members
in this cluster are common to both the Cpr6 and Cpr7 deletion strains. The Cpr7

114



3.5 Transcriptome mapping by gene-chip analysis

A B
WT EEwT
160001 e 12000- CJaCpr7
14000 100001
12000
10000 80001
8000 - 6000 -
6000 1 4000
4000
2000 2000 4
04 L 0 -
N 9 95 % N 9 N N O N <V D ™ D 0 A O ¥V © &
A S AN ASPNIEN AN I AR R
S P P e & A %QQ <O 00 00 C)Q OO 00 OO 00 Q\Q.Q \z\gQQ\%Q

Figure 3.48: Influence of Cpr7 deletion on various chaperone machineries. (A)
Comparison of the mAS5 values for components of the Hsp70 machinery. (B) Comparison
of the mASS5 values for components of other chaperone machineries.
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Figure 3.49: Network of genes down-regulated in Cpr7 deletion strain. The same
colour code as Figure [3.45| is used. Black dotted boxes highlight clusters according to
cellular pathways.

deletion strain did not show any up-regulation of the phosphate metabolism like in
case of Cpr6 (Figure [3.50).
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Figure 3.50: Network of genes up-regulated in Cpr7 deletion strain. The same colour
code as Figure [3.46|is used. Black dotted boxes highlight clusters according to cellular
pathways.

3.5.3 Transcriptional analysis of the AHch1 strain

Hchl1 is homologous to the N-domain of Ahal. However, deleting this co-chaperone
also did not lead to differences in the mRNA levels of any other components of the
Hsp90 machinery. Not even the homologous Ahal showed any deviation from the
WT levels (Figure [3.51)). Other chaperone machineries in the cell, like the Hsp70,
chaperonins and Hsp100s and sHsps were all at levels comparable to the WT strain

(Figure A-B).

3.5.3.1 Changes in the gene expression in the Hch1 deletion strain

Similar to Cpr6 and Cpr7, the transcriptional profile of the Hch1 deletion strain was
also compared to the WT strain. In the case of Hch1 deletion strain, only 38 genes
showed more than 2 fold deviation from the WT. The network formed from genes
showing reduced expression in the Hch1 deletion strain looked significantly different
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Figure 3.51: Influence of Hchl deletion on the Hsp90 machinery. mAS5 values
obtained for components of the Hsp90 machinery in the Hch1 deletion strain were com-
pared with the WT strain.
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Figure 3.52: Influence of Hchl deletion on various chaperone machineries. (A)
Comparison of the mAS5 values for components of the Hsp70 machinery. (B) Comparison
of the mASS5 values for components of other chaperone machineries.

than the down-regulated networks shown above. In case of the Hch1 deletion strain,
a few genes (PAUS5, 15, 24, HES1, DAN1, TIR3 and 4) belonging to the large anaer-
obic metabolism clusters were observed again (Figure [3.53)). It should be noted that

the anaerobic metabolism cluster in the Hch1 deletion strain is much smaller than in

the Cpr6 and Cpr7 deletion strain. The Hch1 deletion strain did not show a down
regulation of genes involved in iron regulation. Intriguingly, another tightly bound
cluster was observed in the Hch1 network. The genes in this cluster are involved in
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serine/glycine biosynthesis (SER1, 3, 33), histidine biosynthesis (HIS3, 5, 7), purine
biosynthesis (ADE2, 4, 8) as well as fatty acid biosynthesis (CEM1). Additionally,
SHM?2, involved in generating precursors for amino acids, purines as well as fatty
acid synthesis was found in this cluster suggesting a common link between these
metabolic processes.
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Figure 3.53: Network of genes down-regulated in Hch1 deletion strain. The same
colour code as Figure is used. Black dotted boxes highlight clusters according to
cellular pathways.

The up-regulated genes in the Hchl deletion strain compared to the WT strain,
formed three different clusters (Figure [3.54). The stress responsive cluster observed
in the Cpr6 and Cpr7 deletion strain profiles was again observed in the Hch1 deletion
strain. Additionally, similar to the Cpr6 deletion strain, genes involved in phosphate
metabolism were also upregulated. Unlike the up-regulation networks for Cpr6 and
Cpr7, the Hch1 network showed another small cluster. The genes in this cluster are
involved in mating and respond to pheromones (PRM6, FUS1, ASG7). Others play
a role in facilitating cell adhesion during mating (AGA1, FIG1). The reason for the
up-regulation of these genes in the Hch1 deletion strain is unclear.
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Figure 3.54: Network of genes up-regulated in Hch1 deletion strain. The same colour
code as Figure is used. Additionally, black dotted boxes highlight clusters according
to cellular pathways.

3.6 Quantification of Hsp90 co-chaperones in yeast

The multi-component Hsp90 system in yeast is very tightly regulated. While Hsp90 is
abundantly expressed in the cell, there is a considerable variation in the co-chaperones.
Four different high-throughput studies have been published to date, each employing
a different technique for quantifying the proteome of yeast. The method used to cal-
culate the protein abundance in all these studies differ with respect to the tag on the
protein (TAP, GFP) and the high-throughput technique employed (high-throughput

microscopy, mass spectrometry and flow cytometry) [Ghaemmaghami et al., 2003;
Chong et al., | 2015; Newman et al., 2006; Kulak et al., 2014].
In order to estimate the number of endogenously expressed, untagged co-chaperones

per cell, the lysates from the WT BY4741 yeast strain were prepared. First the ODgg
of the log phase cultures was measured and the cells were counted. Every ODgy=5
of cells were lysed in 100 pl Laimmli sample buffer. Comparing the cells counted and
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3. RESULTS

the final lysate volume, the cells/ul lysate was calculated. Figure shows that in
most of the experiments, the cells/lysate volume (;:1) was maintained constant. This
served as a good control for the final calculation. Three experiments (no. 2, 14 and
17), where the cells/lysate showed a significant deviation from the rest, were not
considered for further calculations.
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Figure 3.55: Distribution of cells/ul of lysate. Logarithmic WT cultures were diluted
and the cells were counted using a Neubauer chamber. ODgyy was measured and the cells
were lysed in Lammli buffer following alkali lysis (100 ul sample buffer per ODggp=5).
For every experiment, the cells/ul of lysate was calculated.

The lysate was loaded in triplicates (3-5 dilutions each) on a gel together with
a purified co-chaperone of known concentrations. A standard curve was generated
using the purified co-chaperone signal and the concentration of the protein in the
lysate was calculated. In all cases the R? value of the slope of the standard curve
used was greater than 0.95. Based on the cell number, the molecules/cell for ev-
ery co-chaperone were estimated. The results show a representative blot for each
co-chaperone (Figure [3.56A). Hsp82 was the most abundant protein in the Hsp90
machinery as expected. However, the Hsp82 molecules/cell are about three-fold less
than that predicted previously [Ghaemmaghami et al., 2003]]. Surprisingly, Cpr6 and
Sbal, closely followed by Stil were also abundant in the cell (Figure [3.56B). Cpr7 is
less abundant in the cell compared to Cpr6. Hchl, the yeast specific homologue of
Ahal is also much less abundant in comparison to Ahal. Surprisingly, the essential
co-chaperones namely, Cdc37, Cns1 and Sgtl are among the least abundant compo-
nents of the Hsp90 machinery. Table shows the molecules per cell for the Hsp90
co-chaperones and offers a comparison to the values published earlier.
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Figure 3.56: Quantification of the Hsp90 co-chaperones. (A) A representative blot

for Hsp90 and each co-chaperone is shown. Three separate lysates were loaded in 3

dilutions each. On the right, increasing concentrations of purified protein was loaded to

generate a standard curve. The amount of a given protein in the lysate was calculated
based on the equation obtained for the standard curve. (B) The band intensities were

quantified using Image J. The concentration of the protein in the lysate was determined

based upon the standard curve generated from same blot. Finally an average over all the

experiments was calculated for each co-chaperone and Hsp90, with error bars. Upper

panel shows the abundantly expressed components of the Hsp90 machinery, while lower

panel shows the less abundant ones. Pptl is shown in both, for comparison.
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Table 3.1: Comparison of the quantification of co-chaperones

Protein | This work | Ghaemmaghami' | Chong? | Newman?® | Kulak*
Hsp82 147483 445000 4167 6395 10044
Sbal 137741 33700 1590 2017 28577
Cpr6 112387 18600 645 1053 33801
Stil 49011 67600 2593 3997 52260
Ahal 40690 13900 662 813 17266
Cpr7 31326 3230 117 154 1610
Pih1 20246 2610 ND ND 841
Pptl 10260 6990 273 314 4688
Cdc37 10242 10200 406 449 10034
Hchl 10191 8530 799 912 28484
Cnsl 7170 672 199 274 3705
Sgtl 6925 1340 78 ND 1666
Tahl ND 1660 134 76 ND

(1) [Ghaemmaghami et al., 2003]
(2) [Chong et al., [2015]
(3) [Newman et al., 2006]
(4) [Kulak et al., |2014]
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Discussion

The Hsp90 molecular chaperone, together with its large cohort of co-chaperones,
forms a very sophisticated, tightly regulated chaperone machinery in the cell. The
conformational dynamics of Hsp90, the modulation of its essential ATPase activity by
various co-chaperones, post-translational modifications and finally the influence of
the client itself, make Hsp90 a highly dynamic molecular chaperone. These multiple
layers of modulation enable Hsp90 to chaperone over 300 client proteins. Hsp90
client proteins belong to different functional classes including transcription factors
and kinases and play an important role in various cellular pathways. As a result,
Hsp90 takes centre stage in maintaining homeostasis in the cell. Extensive research
over the past decades has uncovered the central importance of Hsp90 in numerous
cellular pathways. The diversity of the client proteins has made Hsp90 a poten-
tial target for many therapeutic strategies, especially against cancer [Taldone et al.,
2014]]. Biochemical and biophysical methods have elucidated the structure and the
regulatory mechanism of Hsp90, including its interaction with co-chaperones and
the conformational dynamics coupled to ATP hydrolysis. While reconstitution and in
vitro studies have helped in dissecting the Hsp90 cycle, the client side of the story
has always been under-represented. It is still not clear what qualifies a protein to be
a Hsp90 client. No specific recognition sequence or motif, common among the client
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4. DISCUSSION

proteins has been identified for interaction with Hsp90. How the co-chaperones in-
fluence client maturation also remains enigmatic. This prompted us to investigate
the roles of the Hsp90 co-chaperones with respect to client proteins.

4.1 Characterization of co-chaperone deletion strains

Evolutionarily, the Hsp90 system has become more complex from bacteria to lower
eukaryotes to finally mammalian cells [Johnson, 2012]]. Despite this, the Hsp90 chap-
erone network is largely conserved between yeast and man. This made it possible
to study well-known mammalian client proteins in a relatively simpler context using
Saccharomyces cerevisiae, while still maintaining the client-co-chaperone complexes.
Yeast, being a simple eukaryotic, single cell organism, encompasses all the benefits
of working with eukaryotic cells (like cellular organisation, post-translational mod-
ifications, secretory system) and, at the same time, has a simplified genome and
proteome. The entire genome of yeast has been sequenced and performing genetic
manipulations in yeast is relatively easy as compared to the mammalian system. In
the case of Hsp90 and its co-chaperones, using yeast has an added advantage. Most
of the Hsp90 co-chaperones in yeast are not essential for viability. Thus it is possi-
ble to directly study the effect of deleting a co-chaperone on the activity of Hsp90
client proteins. Among the co-chaperones, three are essential for viability and hence
could only be knocked down. The dAMP technique was used to achieve this. The
diploid strains from the dAMP library generated by the Weissman group [Breslow
et al.,|2008] (Thermo Scientific Open Biosystems) were sporulated and haploids were
picked showing the desired knock-down of the essential co-chaperones.

Deleting a certain protein completely can sometimes have secondary effects on
the cell. Thus, in order to ensure that the effects of deleting the co-chaperone on
a particular Hsp90 client protein were specific, a thorough characterization of the
deletion strains was essential. The general characterization showed that apart from
the Cpr7 and Pih1 deletion strain, none of the other strains showed any growth de-
fect. The growth defect of the Cpr7 strain has been observed previously [Duina et al.,
1996]. In the case of Pih1, it has been shown to have a growth defect at 37°C, but not
at 22°C [Paci et al., 2012]]. The growth curves measured in this work were recorded at
30°C. Moreover, the effect of Pih1 deletion on general growth characteristics of yeast
could be strain-specific, as the studies performed earlier were done using the W303
background strain, while BY4741 was used in this study. The differences between
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4.1 Characterization of co-chaperone deletion strains

these strains with respect to cell size, membrane potential and tolerance to alkali
metals have been described earlier [Petrezselyova et al.,|[2010]]. Thus, a different re-
sponse to Pih1 deletion might be plausible. After studying the growth characteristics
of all the strains, we studied the morphology of the cells. Pih1 cells appeared to be
slightly smaller than the WT. All remaining strains had WT-like morphology, suggest-
ing that the ‘cellular infrastructure’ of the strains was not influenced, including the
slow growing Cpr7 deletion strain.

During the course of this work, we studied exogenously expressed (plasmid-
borne) client proteins in these strains. The activity and the steady-state protein levels
in the deletion strain were compared to that in the WT. For this, it was first essential
to ascertain that the effects on the client proteins are not influenced by any dys-
functional cellular process. We tested the cellular machineries involved in protein
production and maintenance. We first monitored transcription of a non-client pro-
tein eGFP and observed that the amount of eGFP-mRNA is comparable in all the
strains. Secondly, the rate of overall translation monitored by the incorporation of
radio-labelled methionine was also WT-like in all strains. Folding of two different
non-client proteins, eGFP and -Galactosidase showed that protein folding was not
compromised in any of the strains. Moreover, constitutively expressed §-Gal showed
WT-like activity in all the deletion/knock-down strains. This was an important con-
trol showing that 5-Gal activity itself is not influenced in any of the deletion strains.
Used in the reporter assay, 5-Gal can thus function as an unbiased reporter protein
which is not Hsp90-dependent. Finally, the complete processing of an autophagy
marker ascertained a functional autophagy system in all strains. These exhaustive
control experiments establish that the co-chaperone deletion strains as well as the
three knock-down strains are fully functional, without any obvious defects in the
cellular processes studied. To complete this characterization, the proteasomal degra-
dation in all the strains needs to be monitored using ubiquitin-$-galactosidase fusion
protein [Bachmair et al.,|[1986]]. This chimeric protein is recognized by the proteaso-
mal machinery is degraded via the ubiquitin-proteasomal system (UPS).

To investigate whether deleting a co-chaperone influences the expression of other
components of Hsp90 machinery, the protein levels of each of the co-chaperones
was analysed by western blot. The blots showed that none of the co-chaperone
deletions/knock-downs led to the up- or down-regulation of the other co-chaperones
or Hsp90 itself. This was an important finding as it suggests that the co-chaperone
functions might not be redundant. Deleting one, does not lead to any compensatory
changes in the other co-chaperone levels. This was especially interesting in the case
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of the two pairs of homologous Hsp90 co-chaperones in yeast. Cpr6 and Cpr7 share
38% amino acid identity and have peptidyl-prolyl isomerase activity. Deleting either
did not lead to an up-regulation in the levels of the other. Both these PPlases have
been suggested to differ in their in vivo functions [Mayr et al., 2000], and the non-
compensatory behaviour also points towards their functions being non-related and
non-redundant. Similarly, Ahal and its N-domain homologue Hch1 also show no
changes upon deleting either co-chaperone. Furthermore, transcriptional gene-chip
analysis was done for all four of these deletion strains to compare and contrast the
effects of the deletion. The transcript levels also confirm our protein data that none
of the components of the Hsp90 machinery is affected in these deletion strains. More-
over, none of the components of other chaperone machineries shows any deviation
from their respective WT-transcript levels in these strains.

Based on this thorough characterization of the deletion strains, it can be con-
cluded that the strains in each case lack the respective co-chaperone, but this de-
ficiency does not adversely affect any of the innate cellular processes. Thus, these
strains are an excellent tool to study the influence of these co-chaperones specifically
on various Hsp90 client proteins.

4.2 Influence of the Hsp90 co-chaperones on clients

During this work, the first question asked was whether Hsp90 client proteins have
specific requirements of co-chaperones for their maturation and activation. To an-
swer this question, Hsp90 client proteins belonging to two main functional classes
were selected. The first class of proteins are nuclear receptors which can function
as transcription factors in response to ligand binding. Within this class, 5 different
steroid hormone receptors (SHRs) were investigated. Each of these steroid hormone
receptors was found to be dependent on the yeast Hsp90 when expressed exoge-
nously in yeast. The second most important class of Hsp90 clients are the kinases.
As a representative of kinases, the stringently Hsp90-dependent v-Src was studied.
Studying these functionally and structurally distinct client proteins was beneficial
to highlight the differences between different classes of client proteins. Addition-
ally, studying all five SHRs served to examine the difference and similarities within
a closely related protein family. RT-PCR showed that the mRNA levels of GR were
similar in all the deletion/knock-downs strains. Thus the effect of co-chaperones
on client proteins is post-translational. The results obtained from the -Gal assays
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4.2 Influence of the Hsp90 co-chaperones on clients

for SHRs and survival assays and phosphotyrosine blots for v-Src are summarized in

Figure
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Figure 4.1: Client co-chaperone dependencies. Arranged in the rows are the differ-
ent client proteins and their variants. The co-chaperone deletion strains are arranged in
columns. A decrease in client activity, compared to the WT, in a certain co-chaperone
deletion/ knock-down strain is shown in yellow (]). Relative increase in activity is high-
lighted in blue (7). Grey squares indicate WT-like activity in the respective strains.

e SHRs

An overview of the matrix shows that the client proteins respond differently to the
deletion of co-chaperones. Within the SHRs family, several notable differences can
be seen. The most extensively studied client, GR, shows a decrease in activity in
the Stil-, Sbal- and Cpr6-deletion strain as well as in the Sgt1 knock-down strain.
The results for Stil and Sbal have been reported previously [Chang et al., 1997
Freeman et al., 2000] and serve as a positive control for the experimental setup
used in this work. Cpr6 and Sgtl additionally, also seem to be essential for GR
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maturation. Surprisingly, it has been reported earlier that GR activity decreases
upon Cpr7 deletion but not upon Cpr6 deletion [Duina et al., [1998], however a
significant decrease of GR activity in the Cpr7 deletion strain was not observed.
The dose response curves obtained using a range of hormone concentrations, also
indicate that GR behaved similarly in the WT and the Cpr7 deletion strain (Figure
[3.35A). Thus in our hands, GR activity did not seem to be dependent on Cpr7.
Cpr6 on the other hand, seems to be crucial for GR activation. In the recent years,
it has been shown that in the absence of clients, Cpr6, Stil, and Hsp90 form an
asymmetric intermediate complex that is essential for further progression of the
Hsp90 cycle [Li et al., |2011]. Additionally, this complex can process the GR-LBD
more efficiently, suggesting that the two co-chaperones might influence the con-
formation of Hsp90 such that it can bind GR [Lorenz et al., 2014]]. These results
go hand in hand with the finding that Cpr6 seems to play a crucial role for GR
maturation in vivo.

Surprisingly, deletion of Pptl, Ahal and Hch1 led to an increase in the activity of
GR. The absence of Ahal or Hchl has been reported to lead to a decrease in GR
activity in vivo [Harst et al., [2005]. The authors also suggest that Ahal might im-
prove the efficiency of Hsp90 in chaperoning the client. However, a recent study
has shown that Ahal competes with GR-LBD in vitro for interaction with Hsp90
[Lorenz et al., 2014]. The increase in activity in the absence of Ahal that we
observe, might be due to an increased interaction with Hsp90, due to lack of com-
petition. Ahal, is thought to play a negative regulatory role in CFTR processing
(another Hsp90 client), targeting it to degradation [Wang et al., |2006]]. Thus, the
absence of Ahal might lead to the stabilization of the client protein, and hence
increased activity in comparison to the WT. Ahal and Hch1, do not compensate
for this effect when the other co-chaperone is missing, suggesting that their in-
fluence of GR-Hsp90 interaction might be different. Contrary to earlier reports
[Wandinger et al., [2006], GR was more active in the Pptl deletion strain. The
reason for this is unclear. Extensive studies have shown that the phosphorylation
of Hsp90 on different sites have differential effects on specific client proteins [Mol-
lapour et al., [2011]. The authors showed that the T22E phosphomimetic mutant
of yHsp90, led to an increase in GR activity. In case of the Pptl deletion strain, it
can be postulated that the absence of this phosphatase might shift the equilibrium
to a phosphorylated conformation of Hsp90, which specifically leads to an increase
in the GR activity. In order to test this hypothesis, the phosphorylation pattern of
Hsp90 in the Pptl deletion strain can be compared to that in the WT strain by
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4.2 Influence of the Hsp90 co-chaperones on clients

mass spectrometry. Any differences could then be followed up to test their effect
on client processing. The other co-chaperones tested did not influence GR activity,
suggesting that they might not be crucial in GR processing. The matrix shows that
co-chaperone like Cpr6 and Sbal seem to be important for SHR processing. All
the SHRs showed a decrease of activity in these deletion strains. Similarly, Sgt1l
knock-down influenced GR, MR, PR activity, but both AR and ER showed WT-like
activity in this strain. Sgt1 has been studied extensively in plants and is thought to
be important for plant immunity [Kadota & Shirasu, 2012]]. Additionally, the TPR
domain of Sgt1 is involved in binding to NLR proteins [Austin et al., 2002]. How-
ever, the role of Sgt1 in processing steroid hormone receptors has not been studied
before. The significant decrease in activity of GR, MR and PR, but not AR and ER in
the Sgt1 knock-down strain suggests a specific role of Sgt1 in the activation of the
SHRs. Further characterization of this effect, supplemented by in vitro studies of
Sgt1 on SHR-Hsp90 interactions would be interesting. Cpr6, Sbal (decreased SHR
activity in null strains), Ahal and Hch1l (increased SHR activity in null strains)
seem to have an important role in SHR maturation as these effects were conserved
among the 5 members. On the other hand, each SHR diverges slightly in their
co-chaperone requirement, highlighting the differential co-chaperone requirement
even within a protein family. For instance, Stil seems to be essential for GR activ-
ity, but does not influence the activity of other SHRs. AR activity increases in most
of the deletion strains, suggesting that the presence of these co-chaperones might
have a negative regulatory effect on AR processing. MR showed increased activity
in the Pih1 deletion strain, but not in the Tah1 deletion strain. Additionally, Cns1
knock-down led to increase in the activity of PR and ER, but not the other SHRs.

Evolutionarily, GR and MR are among the closest related SHRs [Mangelsdorf et al.,
1995]]. Both these SHRs however, show considerable differences to each other
with respect to the co-chaperone requirements. It is thus interesting to study these
two proteins in further details and also in vitro. To this end, a stabilized mutant
of MR-LBD has been purified and preliminary experiments already show certain
differences to the GR-LBD. MR-LBD did not significantly modulate the ATPase ac-
tivity of Hsp90, as opposed to GR-LBD, which has an inhibitory effect [Lorenz
et al., |2014]. Moreover, analytical ultracentrifugation showed that MR-LBD did
not bind efficiently to the yHsp90, in the presence or absence of nucleotides (un-
published data). Complex formation with Hsp90 could be observed only in the
presence of Sbal, Cpr6 as well as Sgtl, which fits well to the in vivo data sug-
gesting that these co-chaperones are important for MR activity (data not shown).
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GR-LBD on the other hand forms a stable complex with Hsp90, even in the ab-
sence of co-chaperones [Lorenz et al., 2014]]. It is noteworthy that ER, the least
Hsp90 dependent SHR and also evolutionarily the farthest member of family, did
not have an extensive co-chaperone requirement. Thus, taken together, the /-gal
assay results confirm that SHRs have differential co-chaperone dependencies and
differences exist even within a closely related protein family.

e v-Src and c-Src mutants

The Src kinase variants were studied using two different assays. In the first assay,
the toxicity of v-Src to yeast cell was used as a read-out for v-Src activity (cell death
implied active v-Src). Additionally, since yeast lack endogenous phosphotyrosine
kinases, the phosphotyrosine activity of Src kinase variants could be monitored by
western blot. In the case of v-Src, the phosphotyrosine activity in the Stil deletion
strain was less than the WT, as expected [Chang et al., (1997]]. Additionally, the
Cdc37 knock-down strain showed a lower v-Src phosphotyrosine activity in agree-
ment with earlier reports [Stancato et al., 1994; Mandal et al., 2007]]. The Cdc37
dAMP strain used in this work however, did not grow upon v-Src induction, despite
the lower phosphotyrosine activity of v-Src. Western blot analysis shows that
Cdc37 is mildly knocked down in the dAMP strain. On the other hand, previous
studies showing a complete inactivation of v-Src in absence of functional Cdc37,
have employed Cdc37 mutants. These Cdc37 mutants can sustain viability, but do
not partake in the processing of v-Src [Dey et al., [1996; [Fliss et al., | 1997]. The
dAMP strain used here has reduced levels of functional full-length Cdc37 (Figure
3.4), which is probably sufficient to fold and activate v-Src to some extent. Since
v-Src is extremely active in the cells, even a few v-Src functional molecules may be
sufficient to impart toxicity to the yeast cells. Finally, phosphotyrosine blots also
show lower v-Src activity in the Sbal deletion strain, in agreement with previous
reports [Fang et al., 1998]], as well as in the Sgt1 knock-down strain. However, the
effect in the survival tests was not observed. The survival assays can only show
which co-chaperones are essential in folding v-Src. The negative regulatory role
of co-chaperones, if any, cannot be resolved using the survival assays. To this end,
the phosphotyrosine blots could show if v-Src is more active in some deletion strain
than in the WT. Hch1, Tah1, and Pih1 show a slight increase in v-Src phosphoty-
rosine activity, however as the effect was not very prominent and unambiguous, it
has not been included in the matrix. In addition to v-Src, two Hsp90 dependent
c-Src mutants were analysed similarly. The benefit in studying the c-Src mutants,
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4.2 Influence of the Hsp90 co-chaperones on clients

is that they are less active and hence less toxic to yeast. Thus the readout in the
survival assays is not directly life or death. c-SrcBMAC, which is similar to v-Src,
also requires Stil, Cdc37 and Sgtl. The cells expressing c-Src3MAC grow better
in the Cdc37 knock-down strain as compared to the WT. The reason for this is
that c-Src3MAC is less active and hence less toxic than v-Src. The knock-down
of Cdc37, led to an even further decrease in c-Src3MAC activity, thus allowing
the cells to grow better than the WT strain. Surprisingly, the decrease in phos-
photyrosine activity in the Sbal deletion strain was no longer observed for this
mutant. In the case of c-Src3M, which is the least active and also least dependent
on Hsp90, survival assays were not very informative as c-Src3M is not very toxic.
The phosphotyrosine blots surprisingly showed that this mutant no longer showed
decreased activity in the Stil deletion strain.

In summary, the results suggest that, Cdc37 is important for kinases. Since the
knock-down of Cdc37 did not have an effect on SHR activity, it seems to be kinase
specific. Surprisingly, Sgt1 knock-down affected both SHRs and Src kinase variants.
Similar to its effect on the SHR activity, Sgt1 has not been studied in context of
v-Src. Our results suggest a wider role for Sgtl, more than its involvement in
immunity and NLR protein processing. To dissect the role of Sgt1 on SHRs and the
Src kinase variants, it would be interesting to study whether Sgt1 influences their
conformation. Furthermore, Sgtl has been shown to interact with an ubiquitin
E3-ligase [Kitagawa et al., |1999] and is thought to mediate the degradation of
proteins involved in plant immunity [Sangster & Queitsch, |2005]. It would be
worthwhile to study whether this role of Sgt1 can also be extended for SHRs and
v-Src. Additionally, using purified SHR-LBDs as well as the kinase domain of v-Src,
interaction with Sgt1 can be monitored. The influence of Sgt1 on the Hsp90-client
complex can also be studied. This ‘global’ effect of Sgt1 is thus interesting and begs
further investigation.

The activity assays for the different client proteins thus validate their differential
co-chaperone requirements. It has been proposed recently [Li et al., 2013] that in-
stead of one common Hsp90 cycle for chaperoning clients, there might be several
client-specific Hsp90 cycles. The wide array of co-chaperones, coupled to the struc-
tural dynamics and post-translational modifications of Hsp90, customize it to serve
the needs of the client proteins. The activity assays performed in this work, after a
thorough characterization of the strains used, forms a solid matrix of client-specific
effects which can be used as a profound base for further investigation of specific
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client-co-chaperone pairs.

4.3 Analysis of the client-co-chaperone dependencies

The client-co-chaperone relationship was not influenced by temperature changes or
by the growth phase of yeast. This asserted that these dependencies are robust,
even during stress conditions. Based on these results, the next question was to com-
pare whether the activity correlated to the levels of the client proteins. For this
purpose, GR was N-terminally HA tagged. Unfortunately, tagging ER and MR at the
N-terminus led to unexpected problems as the tagged variants differed from their
untagged forms with respect to co-chaperone dependencies. Tagging can lead to sta-
bilization of the tagged protein, however this mostly applies to big tags like SUMO,
MBP and GST [Costa et al.,[2014]]. It is unclear how a single HA-tag at the N-terminus
influences MR and ER, but nor GR. As shown in Figure the N-terminal regions
of the SHRs are the least conserved and thus tagging at this end might have differ-
ential effects. In would be interesting to investigate whether HA-ER still depends on
Hsp90 as it no longer showed any co-chaperone dependence. N-terminal tagging of
MR and ER influenced their activities in the deletion strains and the lack of proper
commercial antibodies hindered their detection on western blots. To find a solution
for this problem and to reliably detect these SHRs, the ligand binding domains of
the respective proteins were purified and antibodies were generated in rabbits. In
the preliminary tests both antibodies detected MR and ER expressed in yeast lysates
specifically (unpublished data).

Since HA-GR showed the same co-chaperone dependency as untagged GR, the
protein levels of HA-GR were compared with the activity in different strains. The
correlation in most cases was not direct, (i.e. the protein level and the activity did
not change in the same order and direction) indicating a complex influence of the co-
chaperones on the client proteins. Based on this activity-protein correlation, several
deletion strains showed interesting effects: Stil and Sbal deletion led to decreased
GR activity despite having WT-like protein levels. Stil is involved in the transfer of
GR from the Hsp70 to Hsp90 machinery and Hsp70 inhibits the hormone binding
of GR by partially unfolding it [Kirschke et al., 2014]. Thus, it could be reasoned
that deletion of Stil might push the equilibrium toward the Hsp70-GR complex and
render GR less capable of hormone binding and hence less activable. The limited pro-
teolysis experiment shows that GR is in a different conformation in the Stil deletion
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strain as it was more sensitive to Proteinase K digestion. This different conforma-
tion could be that of Hsp70-bound GR, which cannot bind hormone and is partially
unfolded. By performing pull-down experiments, it would be possible to investigate
whether more GR is in complex with Hsp70 in the Stil deletion strain, compared to
the WT. To conclusively prove whether GR in the Stil deletion strain has lowered
ligand potency, dose response curves with increasing hormone concentrations were
performed. However, since saturation could not be reached, even upto 200 M , lig-
and potency and efficacy could not be judged. It would be interesting to test whether
GR in the Sbal deletion strain also shows altered conformation, which might ex-
plain its lowered activity. The activity-protein correlation also showed Cpr6 and Sgtl
strains have lower activity as there are lower GR levels in this strain. In this context,
it is not clear yet whether less GR is produced in this strain, or whether GR is unstable
and degraded faster than in the WT strain. Moreover, Cpr6 seems essential for the
activation of all the SHRs and Sbal and Sgt1 influenced not only most of the SHRs,
but also the Src kinases. For deciphering the role of these three co-chaperones, the
protein-activity correlations for the other SHRs and kinases would be instrumental.
In case of kinases, the phosphotyrosine activity correlated qualitatively to the protein
levels of the Src kinase.

The activity and protein level correlations can be used to envision the role of
co-chaperones for specific client proteins. Figure 4.2|shows a flow chart that puts to-
gether all the activity and protein level possibilities and shows further experimental
directions to consider in each case. For instance, in the cases where the protein levels
are WT-like, but activity is lower, studying the conformation of the client protein by
limited proteolysis could explain whether the co-chaperone influences its conforma-
tion. Additionally, the influence of the missing co-chaperone on client localization
and client aggregation could also be informative. In another scenario, where the
client protein is more active and has higher levels than the WT, it would be instru-
mental to study whether the protein is stabilized and not degraded. It is unclear yet,
what might cause WT-like levels of GR to be more active in certain deletion strains.
In such cases, a negative regulatory role of co-chaperones could be envisioned, which
might allow the client to be more active in the absence the co-chaperones. The ad-
vantage of constructing such a flow chart is that it will help to streamline further
experiments to explain specific client-co-chaperone relationships.
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Activity Matrix
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Figure 4.2: Flowchart for characterizing the client-co-chaperone relationship in
vivo. Key: (1) : increase; (|) : decrease; (+—): same. ‘Protein’ stands for level of
the client estimated by quantifying western blots. All comparisons are done with the WT
strain.

4.3.1 Stabilized mutants

In addition to the SHRs, two stabilized GR mutants were studied similarly. The
activity assays for these mutants show that GR1e, with a single stabilizing mutation is
similar to GR-WT, whereas GR-9a, with 5 stabilizing mutations is more co-chaperone-
independent. Interestingly for GR-9a, Stil as well as Cpr6 deletion did not influence
its activity. Notably, GR-9a still requires Sbal and Sgt1 for its activity, and shows a
slight increase in activity in the Hch1 deletion strain like GR-WT. The dose response
curves showed that in these strains both ligand potency (affinity for the ligand) as
well as the ligand efficacy (maximum activation reached) were influenced. Together
with v-Src, two c-Src mutants were also studied. c-Src3MAC behaves similar to v-
Src, but is less active. The stability of this mutant however is comparable to v-Src.
c-Src3M, on the other hand, still has the C-terminal end of c-Src and hence is more
stable [Boczek et al., [2015]].

Stabilized GR mutants as well as the c-Src3M were less dependent on Hsp90
[Lorenz et al., |2014; Boczek et al., 2015]. The activity assay results affirm that low-
ered dependence on Hsp90 implies fewer co-chaperone requirements. ER, which was
not stringently Hsp90-dependent, also fits this observation. Intriguingly, c-Src3M as
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well as GR-9a, both abrogate their dependence on Stil. While Stil was essential for
both GR-WT and v-Src, the stable variants no longer need Stil. This hints towards
Stil playing an important role in stabilizing these client proteins. Stil is thought to
be a connector co-chaperone for the Hsp70 and Hsp90 cycles and inhibits the Hsp90
ATPase activity by stabilizing the open conformation [Rohl et al., 2015]]. Acting as a
scaffold, Stil facilitates client transfer from Hsp70 to Hsp90. However, Stil was not
essential for all the SHRs. This suggests that Stil might be specific for GR and v-Src.
More so, Stil is not essential for viability in yeast. All this together hints towards
there being other mechanisms for client transfer between Hsp70 and Hsp90. The
finding that stabilized variants no longer depend on Stil, hints towards the possibil-
ity that this co-chaperone might influence on the conformation of GR and v-Src. The
limited proteolysis experiment showed that GR expressed in the Stil deletion strain
has an altered conformation. Similarly, it would be interesting to perform limited
proteolysis on the GR-9a as well as c-Src3M mutants in this strain.

An alternative possibility, could be that Stil is just a scaffold and the difference
between GR and GR-9a and v-Src and c-Src3M could already be at the level of Hsp70
and its co-chaperones. For this, it would be imperative to analyse whether these client
mutants depend on Hsp70 as their WT counterparts. If client transfer from Hsp70
to Hsp90 is not essential in this case, then the influence of Stil might be abrogated.
Further work in this direction will certainly be instrumental in understanding the
Hsp70-90 client transfer.

The work in this thesis, proves conclusively that Hsp90 client proteins depend on
specific co-chaperones for their activation. The work done on SHRs highlights the
differences in the co-chaperone requirement within a protein family. While some co-
chaperones are essential for an entire family of proteins, other are client-specific. The
systematic activity assays performed for six different client proteins and their mu-
tants provides a solid ground-work to select client-co-chaperone pairs which could
be of interest for further investigation. Moreover, Sgt1, an essential co-chaperone in
yeast, which was hitherto studied extensively in plants, might have a wider role in
Hsp90 client-activation. The results also suggest that Stil plays an important role
for GR and v-Src, which is no longer necessary for their stabilized version. Despite
being established as a connector co-chaperone for Hsp70 and Hsp90, Stil was not
required for all the clients studied, pointing towards alternate client transfer mecha-
nisms. Taken together, the work here elaborates upon the underlying complexity of
the Hsp90 system and proposes that the co-chaperones might be one of the key play-
ers in modulating Hsp90 such that it can chaperone a wide array of client proteins.
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