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Abstract

The function of steroid receptors in the cell depends on the chaperone machinery of Hsp90,
as Hsp90 primes steroid receptors for hormone binding and transcriptional activation. Several
conserved Hsp90 cochaperones are known to additionally participate in receptor-chaperone
assemblies but the precise events that take place upon receptor maturation are not
understood in detail. It is also unknown to what extent the contribution of these cofactors is
conserved in other eukaryotes. In the context of this thesis the reconstituted C.elegans and
human chaperone assemblies were examined. The nematode phosphatase PPH-5 and the
prolyl isomerase FKB-6 were found to facilitate the formation of glucocorticoid receptor (GR)
complexes with HSP-90. Within these complexes, HSP-90 can perform its closing reaction
more efficiently. By combining chemical crosslinking and mass spectrometry, contact sites
within these assemblies were defined and were used to construct models for GR-HSP-90 and
the trimeric GR-HSP90-FKB-6/PPH-5 complexes. A basis for a FRET system that can potentially
provide details on the HSP-90 conformational cycle was set. Compared to the nematode
Hsp90 system, the human system shows less cooperative client interaction and a stricter
requirement for the co-chaperone p23 to complete the closing reaction of
GR:-Hsp90-Pp5/Fkbp51/Fkbp52 complexes. In both systems, hormone binding to GR is
accelerated by Hsp90 alone and in the presence of its cofactors. These results show that
cooperative complex formation and hormone binding patterns are, in many aspects,
conserved between the nematode and human systems. Gaining insight into the
conformational requirements for GR to bind ligand, coactivator, DNA and Hsp90B was
attempted by observing the behavior of a glucocorticoid resistant mutant. This GR variant,
harbors a single point mutation in the last C-terminal residues, L773P, that causes decreased
affinity to hormone. Using in vitro and in silico methods, the conformational consequences of
this mutation were assigned to particular GR elements. A particularly interesting part of these
results was the monitoring of GR's conformational dynamics after binding to Hsp90f that
became possible by HD/X. An aryl hydrocarbon receptor construct was successfully purified
for further Hsp90 investigations. Lastly, whole genome data from microarray analyses upon
selective Hsp90pB inhibition and steroid receptor activation were collected in order to identify
modified signaling pathways.






Zussamenfassung

Die Funktion von Steroidrezeptoren in der Zelle hangt von der Chaperon Maschinerie von
Hsp90 ab, da Hsp90 Steroidrezeptoren in ihre aktive Konformation umwandelt. Es ist bekannt,
dass mehrere konservierte Hsp90 Cochaperone zusatzlich an Rezeptor-Chaperon
Anordnungen beteiligt sind, aber die genauen Ereignisse, die bei der Rezeptorreifung
stattfinden, sind nicht im Detail bekannt. Es ist auch nicht bekannt, inwieweit der Beitrag
dieser Cofaktoren in anderen Eukaryoten erhalten bleibt. Im Rahmen dieser Arbeit wurden
die rekonstituierten C.elegans und menschlich Chaperon Anordnungen untersucht. Es wurde
gefunden, dass die Nematodenphosphatase PPH-5 und die Prolylisomerase FKB-6 die Bildung
von Glucocorticoidrezeptor (GR) -Komplexen mit HSP-90 erleichtern. Innerhalb dieser
Komplexe kann HSP-90 seine Abschlussreaktion effizienter durchfiihren. Durch Kombination
von chemischer Vernetzung und Massenspektrometrie wurden Kontaktstellen innerhalb
dieser Anordnungen definiert und zur Konstruktion von Modellen fir GR HSP-90 und die
trimerischen GR HSP90 FKB-6/ PPH-5-Komplexe verwendet. Es wurde eine Basis fiir ein FRET-
System festgelegt, das moglicherweise Details zum HSP-90-Konformationszyklus liefern kann.
Im Vergleich zum Nematoden-Hsp90-System zeigt das menschliche System eine weniger
kooperative Client-Interaktion und eine strengere Anforderung an das cohaperon p23, um die
Abschlussreaktion von GR Hsp90 Pp5 / Fkbp51/ Fkbp52 Komplexen zu vervollstandigen. In
beiden Systemen wird die Hormonbindung an GR durch Hsp90 allein und in Gegenwart seiner
Cofaktoren beschleunigt. Diese Ergebnisse zeigen, dass kooperative Komplexbildung und
Hormonbindungsmuster in vielen Aspekten zwischen dem Nematoden und dem
menschlichen System erhalten bleiben. Durch Beobachtung des Verhaltens einer
Glucocorticoid-resistenten  Mutante wurde versucht, einen Einblick in die
Konformationsanforderungen fiir GR zur Bindung von Ligand, Coaktivator, DNA und Hsp90pB
zu erhalten. Diese Variante enthalt eine Einzelpunktmutation im GR’s C-terminalen Peptid,
L773P, die eine verminderte Affinitdt zum Hormon verursacht. Unter Verwendung von in-vitro
und in-silico Methoden wurden die Konformationsfolgen dieser Mutation bestimmten GR-
Elementen zugeordnet. Ein besonders interessanter Teil dieser Ergebnisse war die
Uberwachung der Konformationsdynamik von GR nach Bindung an Hsp90B, die durch HD / X
moglich wurde. Ein Arylkohlenwasserstoffrezeptorkonstrukt wurde erfolgreich fiir weitere
Hsp90-Untersuchungen gereinigt. Zuletzt wurden Gesamtgenomdaten aus Microarray
Analysen zur selektiven Hsp90B-Hemmung und Steroidrezeptoraktivierung gesammelt, um
modifizierte Signalwege zu identifizieren.






1. Introduction

1.1 Allostasis, Homeostasis, Proteostasis

Homeostasis is conventionally thought of as a synchronic servomechanism that maintains the
status quo for organismal physiology (1). The homeostasis concept has been extended in the
recent years to better explain stress, recognizing that what is optimal under basal conditions
is different under stress (1,2). The concept of allostasis, maintaining stability through change,
is fundamental for organisms adjusting to predictable and unpredictable events (2). Allostatic
systems are adaptive and have a broad range of operating levels: the autonomic nervous

system, the immune system, the HPA axis and cardiovascular systems are all mobilized (3).

Nearly every biological process involves proteins, the most versatile and structurally complex
macromolecules. Proteins face various challenges in reaching and maintaining their active or
“native state”: post-translational modifications, changes in cell physiology, the appearance or
change in concentration of small-molecule ligands (4-6). A significant fraction of mammalian
proteins are intrinsically unstructured and may adopt an active conformation only upon
binding to other macromolecules or membranes (7-12). Due to the complexity of maintaining
a healthy proteome, organisms have invested in an extensive network of factors that maintain
proteome integrity and provide adaptation to changes in the environment (6,7,10,12). These
proteins are able to prevent aberrant interactions and aggregation in the crowded cellular
environment (10,13). The mechanisms that cells use for protein quality control and
maintenance of proteome homeostasis, proteostasis, are crucial for organismal health and
constitute some of the most fundamental and medically relevant problems in biology (5,7).
There is a growing need to expand our knowledge of these phenomena because human
disturbance, global climate change and pollution are all major perturbations of the
environment (2). How vertebrates respond to the unpredictable in general will thus, have

important conservation value for the future.(2)
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1.2 Protein Folding

Proteins are chains of amino acids encoded in the nucleotide sequence of the respective gene
and must fold, through a complex energy landscape, into precise three-dimensional

conformations to fulfill their biological functions (7,11,12,14).

A major milestone in protein research was the thermodynamic hypothesis of Christian
Anfinsen, who supported that all the information required for a polypeptide to properly fold
is encoded in the amino acid sequence (15,16) Many small proteins readily refold in vitro,
which highlights how the amino acid sequence, encoded in the DNA, contains the necessary
information to dictate the three-dimensional structure of a protein (11,14)(12). The fact that
proteins quickly fold to their native conformation despite the vast amount of possible
configurations that would demand an enormously long time to sample, is known as Levinthal’s
Paradox (17,18). It soon became clear that not all proteins can refold in vitro but are subjected
to unspecific aggregation, and insoluble cytosolic aggregates, inclusion bodies, were observed

(4,11,14,19,20).

The set of conformations that a folding protein might adopt can be likened to a landscape:
polypeptide chains explore a funnel-shaped potential energy surface towards the energy
minimum corresponding to their native structure (Figure 1.1) (7,11,21-24). The folding
problem has been a fundamental question in biology (6,10,25-28). Most recently, AlphaFold,
an artificial intelligence algorithm developed by Google's DeepMind, achieved to solve one of
the most important aspects of the folding problem: accurate prediction of protein structures
that can match or outcompete state-of-the art-experimental results (29,30). Even though this
step forward was broadly perceived as a watershed moment, the folding code question: what

balance of forces encodes native structures, remains (24,30,31).
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Figure 1.1. Competing reactions of protein folding and aggregation. Scheme of the funnel
shaped free energy surface that proteins explore as they move towards the native state by

forming intramolecular contacts. Adapted from (4,7).

Partially folded or misfolded protein states are at high risk of aggregation, since they have
exposed hydrophobic elements accessible for intermolecular, besides intramolecular,
contacts (6,7,11). Organisms invested in molecular chaperones to control and assist the
folding of nascent or misfolded proteins, so that they don’t fall in a “kinetic trap” of the

complex energy landscape (7,10,11,32).

A healthy and adaptive proteostasis network does not only require the strict control of protein
synthesis and folding but also conformational maintenance and regulation of abundance,
localization, and degradation (6,11,33). Numerous diseases, such as Parkinson’s disease,
Huntigton’s disease, amyotrophic lateral sclerosis and Alzheimer’s disease, are associated to
protein aggregation (4,5,33,34). Such diseases are age-related, due to the decline of
proteostasis, along with the ability to upregulate chaperones in response to stressors that
comes with aging and triggers disease manifestation, which further accelerates proteostasis

decline (4,7,33,34).
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1.3 Molecular Chaperones

A molecular chaperone by definition, is any protein that interacts with, stabilizes or helps
another protein to acquire its functionally active conformation without being present in its
final structure (7,11). The major chaperone families are classified according to their molecular
weights (namely Hsp40, Hsp60, Hsp70, Hsp90, Hp100 and the small Hsps) and were initially
discovered due to their involvement and elevated expression during the heat shock response
(7,11,12). However, their roles in proteome maintenance and other cellular processes are
essential also under physiological conditions (6,11,12). The Hsp60s (the chaperonins), Hsp70s
and Hsp90s are molecular machines that use ATP hydrolysis and cofactor-regulated binding
and release cycles to accomplish their folding missions (6,7,11). Chaperone binding to
hydrophobic regions of a non-native protein prevents aggregation while ATP-triggered
substrate release allows folding to proceed (7,32). The present work will focus on the

chaperone machinery of Hsp90.

1.4 The Hsp90 molecular chaperone

Heat shock protein 90 (Hsp90) is an ATP-driven molecular machine, highly conserved and
abundant in the cytosol and acts as the central hub of proteostasis (6,11,12,35). Susan
Lindquist first proposed that Hsp90 acts as a capacitor for morphological variation (36). This
chaperone machinery is involved in numerous essential biological processes, to name a few,
signal transduction, chromatin remodeling, cellular trafficking, development and the immune
response (6,32,35,37-39). A detailed network, constructed by Picard and coworkers,

demonstrates the wide spectrum of Hsp90 activity (Figure 1) (38).

In humans, Hsp90 exists in two isoforms in the cytosol, Hsp90a— the stress-inducible, and
Hsp90B—the constitutively expressed isoform. Besides cytosolic Hsp90s, the organelle-specific
Grp94 and TRAP1 reside in endoplasmic reticulum (ER) and mitochondria (32,40). Hsp90 is
recruited to hundreds of diverse client proteins (a full list of known Hsp90 interactors is
maintained by the Picard lab: https://www.picard.ch/downloads/Hsp90interactors) that

require energy-intense rearrangements. Unlike molecular chaperones, such as Hsp70, that
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https://www.picard.ch/downloads/Hsp90interactorsfis

bind unfolded/nascent polypeptides, Hsp90 maintains client proteins in a nearly folded
conformation poised to respond to an activation signal, such as hormone binding or
phosphorylation (32,41). This diverse client set seems to be defined by the exposure of

hydrophobic residues and general conformational instability (39).
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Figurel.2. Functional map of Hsp90 interactome, adapted from (38).

Hsp90 is a homodimer. Monomeric Hsp90 consists of three conserved domains: the N-
terminal nucleotide binding domain (NBD), the middle domain (MD) and the C-terminal
dimerization domain (CTD), all of which have been implicated in client and cofactor binding

(Figure 1.3) (7,11,12,42-45). A flexible, charged linker modulates NBD-MD contacts while a C-

14



terminal (MEEVD) motif is important for interaction with cochaperones that contain

tetratricopeptide repeat (TPR) domains (46-54).

All examined forms of Hsp90, from bacteria to H. sapiens, bind and hydrolyze ATP (12,55-57).
Dimerization of Hsp90 occurs via the C-terminal domains and the apo-state of Hsp90
predominantly samples an open V-shaped conformation (11,58). Binding of ATP to the N-
terminal domain triggers dimerization of the Hsp90 NBDs and leads to Hsp90 sampling a series

of distinct conformations (Figure 1.3) (11,12,56-62).

ATP lid

NBD
linker
ADP MD ATP
+Pi
CTD
open =
conformation @
Closed 2 Closed lid

\./

Closed 1

Figure 1.3. Hsp90 domains and conformational cycle. Hsp90 predominantly adopts a V-
shaped conformation in the absence of ATP. Upon ATP binding, the N-terminal lid segment
closes onto the ATP binding pocket. Conformational rearrangements occur in the NBD and the
NBD domains dimerize to form closed state 1. This conformation is followed by the completely
closed state 2, in which MD and NBD contact each other and stabilize the catalytic active
conformation. Post ATP-hydrolysis, Hsp90 returns to the apo-state, releasing ADP and

phosphate. Figure was generated with Biorender.

Hsp90 has a weak intrinsic ATP hydrolysis activity that is under allosteric regulation and

directly affected by binding of cochaperones and client proteins (35,62-71). Several single
15



switches, dispersed in the chaperone structure have been reported but their coupling is not
well understood (70,72-77). Verkhivker and coworkers, upon systematic examination of
molecular and network signatures of these switches, recently supported that regulation of
Hsp90 by cochaperones p23 and Ahal and the p53 client protein may be determined by
distinct intramolecular communication “spines” (63,78). It is by know well established that
Hsp90 can adopt a number of structurally distinct conformations during the ATPase cycle and
that it forms a variety of complexes with clients and cochaperones, but it is unclear how Hsp90

promotes the activation of a client protein (35,79).

1.5 Hsp90 cochaperones

More than 20 Hsp90 cochaperones have been identified in the eykaryotic cell (6). Client-
specific cofactors tailor the Hsp90 machinery into a client-specific mode and regulate the
conformational changes while providing further interaction sites for the clients (6,12,61,80-
85). Cochaperones not only regulate the progression of the Hsp90 conformational cycle, but
they may also be involved in client recognition (12,39,86). The large majority of Hsp90
cochaperones contain one or more structural domains composed of tetratricopeptide repeat
(TPR) motifs, which bind to the conserved (MEEVD) peptide of Hsp90’s CTD (46,53,54,87).
Despite their common binding mode, these cochaperones have diverse functions. Table 1.1

provides a summary of the major Hsp90 cofactors and their (known) functions.
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Table 1.1. Major Hsp90 cochaperones of higher eukaryotes. Adapted from (12,45,81). Table

refers to the human homologs of these conserved proteins.

Cochaperone Function TPR domain
Hop adaptor for Hsp70 and Hsp90,ATPase inhibitor for Hsp90 v
PP5 Phosphatase, dephosphorylates HSP90; maturation of v

clients
Fkbp51, Fkbp52 peptidyl prolyl isomerase, involved in SHR activation v
p23 ATPase inhibitor, stabilization of the closed 2 state
Cyp40 Peptidyl prolyl isomerase, involved in SHR activation v
Ahal ATPase activator
Tah1l component of the R2TP complex v
Cdc37 Kinase-specific cochaperone, ATPase inhibitor
TTC4 genetic interaction with Cpr7; regulator of protein v
translation
Sgtl part of the ubiquitin ligase complex, involved in kinetochore

assembly and plant immunity, adaptor for clients

CHIP E3 ubiquitin ligase, interaction with Hsp70 v

Uncd5 Myosin-dependent processes v

1.6 Hsp90 and steroid hormone receptors

Steroid hormones are vital regulators of reproductive, growth and homeostatic processes
(88). The steroid hormone receptor (SHR) mode of action is well studied: they bind to
hormone, undergo conformational changes and translocate to the nucleus, where they
modulate gene expression (89). Like many signaling proteins, all mammalian steroid hormone
receptors are strictly dependent on the chaperone machinery of Hsp90 to acquire their active

conformation (88,90-92).

Hsp90-containing SHR complexes were first identified in the 1980s (93-96). In these studies,
SHRs, such as the glucocorticoid (GR), mineralocorticoid (MR) or progesterone receptors (ER),
were isolated from vertebrate cells and the associated proteins were identified and studied

by western blot analyses. Hsp90 and several other proteins were detected in these complexes,
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leading to the identification of Fkbp51, Fkbp52, Cyp40, Hop, p23, Hip and Pp5 as the
components of SHR complexes (97-104). Later, studies reported on an ATP-dependent series
of events, in which at least Hsp40, Hsp70, Hop, Hsp90 and p23 participate (88,90,105,106). It
is well accepted that during chaperone complex assembly, the ligand-binding cleft of the
receptor is opened to allow hormone binding, an event followed by dramatic conformational
changes, so in the end, a mature receptor can translocate to the nucleus (106). This is
supported by recent observations: Hsp90-Cdc37 separates the domains of Cdk4 kinase,
leading to a less compact state and was also found to stabilize an open state of the RISC

Argonaute protein, Ago2 (84,107).

Cochaperones differentially affect SHR-Hsp90 complexes, serving as control elements of their
maturation process (44,53,59,105,108,109). The adaptor protein Hop transfers SHRs from
Hsp70 to Hsp90 binding both chaperones through its two separate TPR domains
(12,51,52,64,110). TPR cochaperones may bind competitively to the (MEEVD) motif of Hsp90
and for instance the immunophilins Fkbp51, Fkbp52, Cyp40 and phosphatase Pp5 can all be
identified in mature SHR Hsp90-p23 complexes (111). Despite the high homology of Fkbp51
and Fkbp52, these cochaperones differentially associate with the different SHR complexes and
their opposing effects were observed on GR activation by Hsp90 (11,59,90,111-113). Binding
of hormone is observed to substitute Fkbp51 with Fkbp52 in GR-Hsp90 complexes (114).0n
the other hand, while Fkbp51 is a negative regulator of GR, it is reported to be a positive
regulator of the androgen receptor (AR) (115-117). Evidence supports that Fkbp51 suppresses
GR signaling and retains the receptor complex in the cytoplasm while Fkbp52 is involved in
dynein interaction and translocation of the GR to the nucleus (118,119). Pp5 is recovered from
both nuclear and cytoplasmic GR and overexpression of Pp5’s TPR prevents the binding of
Fkbp52 (120). It has been suggested that there is a hierarchical effect these TPR cofactors have
on GR that follows the order Fkbp52> Pp5> Fkbp51 (121,122). Cochaperone p23 that slows
down the ATPase activity and stabilizes the closed Hsp90 conformation was found to directly

interact with GR through a helical motif in the protein tail (83).

Despite these (and many more) findings and the fact that SHR-Hsp90-cochaperone complexes
have long been identified and played a key role in Hsp90 research as obligate clients, the
answers to what is their exact mechanistic contribution or which transformations take place

are missing.
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1.7 The Glucocorticoid Receptor

As mentioned in the previous section, one of the most studied substrates of Hsp90 that plays
a central role in the maintenance of basal and stress-related homeostasis, and the one most

employed in the present work, is GR, encoded in NR3C1 (123,124).

Glucocorticoids (GCs) are some of the most pervasive messengers and GR is expressed in
nearly all cells, regulating a plethora of functions in health and disease (124). GR also regulates
many functions of the central nervous system such as cognition, mood and sleep (125).
Realization that these hormones have such a pervasive role led to widespread use of GC-like
ligands to treatment of a wide variety of conditions, like adrenal insufficiency and

inflammatory-related conditions (126).

GR shares the conserved within the SHR family domain architecture: an N-terminal
transactivation domain (AF-1, aa 1-417), a zinc-finger DNA-binding domain (DBD, aa 418-487),
a short hinge region (aa 488-520) and a ligand-binding domain (LBD, aa 521-777) (126). The
GR LBD bound to the dexamethasone ligand (DEX) consists of in total 11 a-helices and 4 B-
strands that form 2 short B-sheets (126). SHR crystal structures with agonist ligands like DEX,
have shown that the C-terminal a-helix, the activation function-2 (AF-2), serves in forming the
lid of the ligand binding pocket (Figure 1.4) (126). Structures with antagonist ligands show this
element displaced (127).

Figure 1.4. GR LBD agonist conformation (PDB ID 5NFP).
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As discussed in the previous chapter, in the absence of ligand, GR is part of a multi-protein
complex containing Hsp90 90 and other cochaperones. After participating in a series of
chaperone assemblies and binding to ligand, a hyper-phosphorylated and transcriptionally
active GR is transported to the nucleus (92). It then homo- or heterodimerizes, recruits
coactivators/corepressors and/or other transcription factors, binds to glucocorticoid response
elements (GREs) and modulates many distinct gene networks (124). These multifunctional
proteins dock on GR through leucine-rich, amphipathic a-helices (LXXLL) (128). Moreover, the
ligand-activated membrane-bound GR is reported to mediate non-genomic events, such as
triggering the activation of kinase signaling cascades, including the mitogen.-activated protein

kinase (MAPK) or the phosphatidylinositol 3-kinase (PI3K) pathways (129).

Regarding its interaction with the chaperone machinery, it is by now established that
interaction with the Hsp70 system, preceding binding of GR to Hsp90, is an important phase
of GR maturation, a step at which Hsp70 partially unfolds the GRLBD (104,105). It has been
shown that while bound to Hsp70 and Hsp40, GR’s ligand binding domain (LBD) lacks the
essential structural determinants for ligand binding (105). Hsp90 and both nucleotide binding
and hydrolysis are required to reverse the Hsp70 inhibition, likely by promoting Hsp70 release
from GRLBD (105). GR bound to Hsp40 and Hsp70 is transferred to Hsp90 with the assistance
of Hop. As soon as GR is delivered to Hsp90/ATP, Hsp70 and Hsp40 are released and a PPlase
may bind (11). GR bound to Hsp90 exhibits high affinity for the hormone and p23 stabilizes
the closed Hsp90 conformation (11). Post ATP hydrolysis, hormone-bound GR, cochaperones
and ADP are released so Hsp90 can enter a new cycle. As mentioned in the previous section,

the actual transformations on GR are yet to be clarified (11).

1.8 Glucocorticoid Resistance

Primary Generalized Glucocorticoid Resistance (PGGR) or Chrousos syndrome is a condition
characterized by generalized, partial tissue insensitivity to glucocorticoids (130). Patients with
PGGR have defective GC negative feedback loops, which lead to compensatory
hyperactivation of the HPA axis (130-132). The elevated plasma adrenocorticotropic hormone

(ACTH) causes adrenal hyperplasia and increased production of steroid precursors. The
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molecular basis of this condition is attributed to mutations in the human glucocorticoid
receptor-a gene (NR3C1), which impair one or multiple aspects of GR action. The impairment
originates from the decreased affinity to hormone and thus, alters tissue sensitivity to GCs
(130,133). To date, 24 different GC resistant mutants have emerged in the clinic, in the DBD
or the LBD of GR, causing a broad spectrum of clinical manifestations of variable severity
(130,132,134-137). Symptoms, when PGGR is pronounced, are relevant to mineralocorticoid
and/or androgen excess, for instance hypofertility, hypertension, hypokalemic alkalosis,
hirsutism, acne as well as profound anxiety and depression (130). In addition, some patients
exhibiting GC resistance do not harbor a mutation in the NR3C1 gene, which implies that other
factors participating in GC signal transduction, might as well be responsible for impaired GC
sensitivity (138). In vitro studies on such mutations in the context of Hsp90 may help explain

the requirements for this remarkable molecule’s transformation into a mature receptor.

PGGR was in a case caused by a heterozygous mutation (T->C) at nucleotide position 2318
(exon 9) of the hGRa gene, which results in substitution of leucine by proline at amino acid
position 773 in GR’s C-terminus (132). The affected young woman reported fatigue, anxiety
and was diagnosed with hyperandrogenism and hypertension (132). Deletion of the last 14
residues is reported to be causing alterations in hormone binding specificity and significant
reduction in the GR-mediated transactivation of target-genes (139,140). This conserved region
is required for ligand binding; however the differential hormone-binding capacities of SHRs
are not encoded by this element (139). The described point mutation will be addressed

throughout this thesis.

1.9 Hsp90 inhibitors

Hsp90 is a chaperone responsible for the folding of clients directly associated with cancer
progression, it was found upregulated in several types of cancer and inhibition of the
machinery is thought to have promising therapeutic potential (79,141-143). In fact, proteins
associated with all 10 hallmarks of cancer are dependent on the Hsp90 protein folding
machinery, whose inhibition results in suppression of numerous oncogenic pathways (79,144).
Hsp90 is certainly an essential protein, but the fact that non-cancer cells require a smaller pool

of chaperone molecules, compared to cancer cells that exhibit Hsp90 “addiction”, seems to
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leave a promising therapeutic window (12,145,146). Within the tumor environment Hsp90 is
thought to have an altered epichaperome compared to healthy cells that may potentially
provide further vulnerability towards inhibition (145). In addition, ATP adopts an unusual
binding mode in Hsp90’s NTD allowing the targeting of Hsp90 chaperone activity by small

molecules (143).

The first identified and perhaps most described inhibitors of Hsp90 are the macrocyclic
geldanamycin and radicicol that have limited in vivo potential, while later, several studies have
attempted to improve the pharmacological properties of these ansamycin and resorcinol
scaffolds (79,143,146-153). Other synthetic molecules, for example pyrazole and purine
scaffolds (e.g PU-H71) or inhibitors like epigallocatechin, novobiocin, sansalvamide A, and
derivatives that target Hsp90’s CTD domain to disrupt interactions with the TPR cochaperones
have been reported (154-158). Other inhibitors like derrubone, withaferin A and celastrol aim
to block binding of Cdc37 to Hsp90 and the small molecule gedunin selecitively blocks

recruitment of p23 (159).

To date, development of Hsp90 inhibitors led 17 compounds that bind the NBD of the
chaperone and decrease cellular levels of cancer-related factors to clinical trials (143,146). All
of them have the major disadvantage that exhibit activity against all four Hsp90 isoforms (pan-
inhibition), which causes the induction of the pro survival heat shock response and other toxic
events (160,161). The development of isoform selective inhibitors may be a way to limit the
detrimental effects of pan-inhibition and lately, studies towards this direction have been
published (144,162,163). Recently, the first N-terminal isoform-selective inhibitor was
rationally designed by taking advantage of the subtle differences in the ATP binding pockets
of Hsp90a and Hsp90P (144). This inhibitor, KUNB31, exhibited 50-fold selectivity for Hsp90p,
was selectively active against cancer cells while preventing Hsp90 induction and indicates that
isoform-selective inhibition may indeed be a promising way to limit the toxicity of targeting

Hsp90 with small molecules (144).
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1.10 The aryl hydrocarbon receptor

The aryl hydrocarbon receptor is a member of the Pern-Arnt-Sim (163) superfamily of
transcription factors, initially thought to be a sensor for xenobiotic substances and the
regulator of enzymes such as the cytochrome P450s that metabolize such chemicals (164,165).
AHR’s involvement in toxicological responses against environmental contaminants like
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and polycyclic aromatic hydrocarbons gave the
receptor its name but later, a number of indoles provided by the diet, microorganisms,
metabolism, and pollution emerged as AHR activators (164,166,167). Importantly, there is
evidence that AHR plays important roles in homeostasis, the immune response, stem cell
maintenance and cellular differentiation, upon binding to this increasing number of ligands

(164-166).

AHR is localized in the cytoplasm in a complex with Hsp90, the TPR cochaperone AHR-
interacting protein (AIP or Xap2 or Ara9), the Hsp90 cochaperone p23 and the c-SRC protein
kinase (167-171). These studies provided with evidence that Hsp90 is required for ligand
binding and AHR function in vivo, holding the receptor in a conformation of high affinity for
its ligands (97,170,171). Upon ligand binding AHR undergoes conformational changes and

translocates to the nucleus, where it controls the transcription of multiple target genes.

Hankinson and coworkers reported that AHR interacts with other transcription factors like NF-
kB, c-Maf, the retinoic acid receptor, the estrogen receptor E2F and retinoblastoma protein
(Rb) to modulate gene expression (164,172). AHR can also influence chromatin remodeling by
interacting with the SWI/SNF chromatin-remodeling complex and the steroid receptor
coactivator-1 complex (SRC-1) and by displacing histone deacetylase complexes (173,174).
Additionally, it is involved in a number of epigenetic mechanisms like micro-RNA,
retrotransposon and long non-coding RNA regulation and can act as an E3 ubiquitin ligase that
targets sex steroid receptors for degradation (164,175). Opitz and coworkers identified the
tryptophan catabolite kynurenine (Kyn) as an endogenous AHR ligand that is constitutively
produced by human tumours, suppresses antitumour immune responses and promotes
tumour survival and motility through the AHR (176). Emerging evidence suggest that AHR

promotes clonogenicity and invasiveness of cancer cells while transgenic mice with a
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constitutive active AHR spontaneously develop tumours (176-179). AHR repressor, AHRR, was

found to act as a tumour suppressor in multiple human cancers (180).

AHR seems to be a convergence point of several signaling pathways in health and disease and
importantly, to regulate cancer progression and responses to xenobiotics. Understanding its
messages and interactions may, therefore, have therapeutic potential in the context of

autoimmunity and cancer (164,165,176,181).

1.11 C. elegans’ Hsp90 and nuclear receptors

Thanks to the conserved nature of the chaperone system, studies on model organisms have
helped gain substantial knowledge on heat shock proteins and importantly, much knowledge
on the Hsp90 machinery originates from the S. cerevisiae system. However, multicellular
organisms have developed further client/cofactor sets. The nematode C.elegans is an
organism that only has 959 differentiated cells, a defined developmental pathway and a
similar to H.sapiens set of Hsp90 cofactors. It encodes one cytosolic Hsp90 isoform, DAF-21
and importantly, one large PPlase, FKB-6, highly homologous to human Fkbps (182,183). FKB-
6 exhibits 42.3% sequence identity compared to human Fkp52, 41.3% to Fkbp51 while it

harbors a calmodulin binding region at its C-terminus, like Fkbp52 (Supplementary Figure 1).

Research on DAF-12, one of the numerous nuclear receptors (NRs) of C.elegans, supports that
its physiological hormone is a sterol derivative (dafachronic acid- bile acid-like) (184-186).
Studies on DAF-12 provided the first evidence for any kind of lipophilic hormone in the
nematode (185). It exhibits high homology with the Vitamin D receptor and it is believed, that
a DAF-12/co-regulator complex functions as a hormone regulated switch, specifying fast life
history (reproductive development, developmental advance, fat metabolism, accelerated
aging) in the presence of ligand and slow life history (dauer diapause, delayed development,

fat storage and retarded aging) in its absence (185-187).

Despite the astounding expansion of nuclear receptors in C. elegans that harbors 284 of them
in its genome, in contrast to only 48 found in humans, only ~20 C.elegans NRs have described

visible phenotypes, only 15 have distinct homologs in other species while it is unclear why do
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worms have so many receptors (185). Due to the limited, especially structural data on the
C.elegans Hsp90 system, it is yet not clear to what extent the contribution of Hsp90 and its
cofactors is conserved in C.elegans NR processing. In the context of this thesis, a DAF-12 LBD
construct was purified and was tested for HSP-90 interaction, aiming to study the nematode
chaperone with a native NR client. Since this attempt was unsuccessful, GRLBD was used as a

model substrate to examine the nematode Hsp90 system.

1.12 Protein Phosphatase 5

Protein Phosphatase 5 (Pp5) is a serine/threonine phosphoprotein phosphatase (PPP) that
dephosphorylates numerous signaling proteins. It contains a conserved C-terminal al
phosphatase domain and unlike other members of this family, such as PP1, PP2A and PP2B,
also contains a TPR domain at its N-terminus (188,189). An interaction between these two
domains maintains the enzyme in an auto-inhibited state that limits substrate entry to the
active site of the phosphatase and results in a low basal activity in vitro (189) .Hsp90 and fatty

acids, including arachidonic acid, stimulate phosphatase activity (190).

Experiments in yeast showed that deletion of the ppt1 gene leads to hyperphosphorylation of
Hsp90 in vivo and an apparent decrease in the efficiency of the Hsp90 chaperone system (191).
Pp5 dephosphorylation activity is modulated by Hsp90, which disrupts auto-inhibition of the
phosphatase (188). This interaction is dependent on the C-terminal MEEVD motif of Hsp90
that binds to the TPR domain of the phosphatase (188,191). Haslbeck et al recently showed
how C-terminal Hsp90 fragments differentialy stimulate the phosphatase activity of PPH-5
(188). This study also suggests that ternary complexes with GR are cooperatively formed with

full-length HSP-90 and PPH-5.

Separase is a highly conserved protease required for chromosome segregation and mutations
in the C.elegans separase gene, sep-1, are embryonic lethal (192,193). A study aiming to
identify factors that influence the activity of separase in cortical granule exocytosis and
cytokinesis, identified a mutation in the protein phosphatase 5 (pph-5) gene, together with an
in-frame deletion of 50 amino acids in the TPR region, as extragenic suppressors of separase

(193). A more recent ENU mutagenesis suppressor screen, identified further intragenic
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mutations, pph-5 mutations, spanning across the TPR and phosphatase domains of PPH-5, and
also a mutation on HSP-90’s CTD (192). Depletion of pph-5 caused no phenotypes on its own,
but was effective in restoring localization of mutant separase to vesicles and suppressing

cortical granule exocytosis and cytokinesis phenotypes (193).

Interestingly, recent studies on the human system uncovered a previously unrecognized
function of Hsp90 in membrane remodelling that is required for exosome release (194).
Although observations linking separase to membrane trafficking events have been made, it is
still not clear how separase achieves this function (192,195). Identification of an HSP-90
mutation that can suppress separase, besides numerous mutations of PPH-5, supports the
hypothesis that HSP-90 acts via its regulation of PPH-5 but the possibility that HSP-90 directly

regulates separase independently of PPH-5, can not be excluded.
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2. Objective

This thesis aimed to initially examine the conserved principles between the nematode and
human Hsp90 chaperone assemblies on the molecular level. We were interested to see the
consequences of binding of client and cofactors to Hsp90 assemblies and the extent to which
the chaperone could progress its conformational cycle. This was addressed by reconstituting
the Hsp90 chaperone assemblies from the C.elegans and human systems, which made clear
that the two nematode cofactors, PPH-5 and FKB-6, facilitate GR-HSP-90 complex formation,
an effect that is observed also for their human counterparts. Model structures of the
nematode assemblies were constructed through a combination of crosslinking-MS and
crosslink-guided molecular docking to get insight into the topology of these complexes, and
answer whether an interaction between cofactor and client would be possible on the
chaperone scaffold. Hormone binding properties of GR within these assemblies were also
examined and show similar binding patterns that imply a high degree of conservation between

the two systems.

A glucocorticoid resistance conferring mutation in the C-terminus of GR was employed in an
attempt to understand the conformational requirements for GR to bind ligand, coactivator,
DNA and the Hsp90B machinery. With this investigations the impairment could be assigned to
specific GR elements while also observing the non-mutated GR mode of action. The events
following hormone binding to GR and/or inhibition of the Hsp90 machinery were approached
also on the whole-genome level. Microarray analyses were performed in order to identify
modified pathways as a consequence of dexamethasone binding and selective Hsp90pB
inhibition, as this approach could reveal chaperone:SHR specific interactions on whole-

genome resolution.
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3. Materials & Methods

3.1 Materials & Equipment

Table 3.1. Reagents. All chemicals were of molecular biology grade and were dissolved/diluted

in ddH,0 or DMSO.

Name

Source

LB-medium powder

Bacto Tryptone
Adenosin-5"-triphosphate (ATP)
Adenosin-5'-[y-thio]-triphosphate
tetralithium salt
Adenosine-5"-diphosphate (ADP), Disodium salt
5’—Adenylyl-B,y-imido-triphosphate (AMP-PNP)
BS3

DSSG

Acetonitrile

Acrylamide (38 %)

Agarose

Agar

Ammoniumperoxodisulfate

Bacto Tryptone

Bromophenol blue S

B-mercaptoethanol
bis-sulfo-succinimidyl-suberate(BS3)

CHAPS

Coomassie brilliant blue

Corticosterone

Clear G

Dexamethasone

Dimethylsulfoxid (DMSO)

1,4-Dithiothreitol (DTT)

Ethanol, p.a

Ethylenediamintetraacidic acid (EDTA)

Glycerol

Glucose

Glycine

Hydrochloric acid

Imidazole

Ispopropanol
Isopropyl-B-D-thiogalaktopyranosid (IPTG)
Kanamycin

Lactose
N-(2-Hydroxyethyl)-piperazine-N’-2-ethan-sulfonic
acid (HEPES)

N, N,N’,N’-Tetramethylethylendiamin (TEMED)

(ATPyS)

Serva (Heidelberg, Germany)
Serva (Heidelberg, Germany)
Roche (Mannheim, Germany)
Sigma (St. Louis, USA)

Roche (Mannheim, Germany)
Roche (Mannheim, Germany)
Creative Molecules Inc.
Creative Molecules Inc.
Sigma (St. Louis, USA)

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

Creative Molecules (Scottsdale, USA)

Roth (Karlsruhe, Germany)
Serva (Heidelberg, Germany)
Sigma (St. Louis, USA)

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

Sigma (St. Louis, USA)

Sigma (St. Louis, USA)
Merck, Darmstadt, Germany
Roth (Karlsruhe, Germany)
Sigma (St. Louis, USA)

Roth, Karlsruhe, Germany

Serva (Heidelberg, Germany
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NADH

Phosphoenolpyruvate (PEP)
Protease Inhibitor Mix HP

Radicicol

Sodiumdodecylsulfate (SDS)

SYPRO orange

Sigma (St. Louis, USA)

Sigma (St. Louis, USA)

Serva, (Heidelberg, Germany)
Sigma (St. Louis, USA)

Serva, (Heidelberg, Germany)
Invitrogen, (La Jolla, USA)

Tris-(Hydroxymethyl)-aminomethane (Tris) Roth, Karlsruhe, Germany
CaCl; Roth (Karlsruhe, Germany)
MgCl, Roth (Karlsruhe, Germany)
KH2PO4 Roth (Karlsruhe, Germany)
KHPO4 Roth (Karlsruhe, Germany)
KClI Roth (Karlsruhe, Germany)
Na;HPO4 Roth (Karlsruhe, Germany)
NaCl Roth (Karlsruhe, Germany)
NH4HCO3 Roth (Karlsruhe, Germany)

Trifluoroacetic acid (TFA)
Yeast extract

Merck (Darmstadt, Germany
Serva (Heidelberg, Germany)

3.1.2 Strains

Table 3.2. Bacterial strains

Organism Genotype Source

E.Coli Mach1 F- ®80(AlacZ)AM15 AlacX74 hsdR(rK- Invitrogen (Karlsruhe,
mK+) ArecA1398 endAl tonA Germany)

E.Coli BL21 F-ompT hsdS(rB—mB-) dcm+ Tetr gal Stratagene (La Jolla,
endA Hte [argU ileY leuW CamR] USA)

E.Coli XL1 blue recAl endA1 gyrA96 thi-1 hsdR17 Stratagene (La Jolla,
supE44 relAl lac USA)

3.1.3 Buffers and solutions

Table 3.3. Buffers and solutions

ATPase assay pre-mix phosphoenolopyruvate 2.6 mM
NADH 260 nM
Lactate Dehydrogenase 0.5Uml-1
Pyruvate Kinase 0.024 U ml-1
MgCl; 5mM
in standard assay buffer

Fairbanks A Coomasie Brillianr Blue R 25g
Ethanol 250 mL
Acetic acid 80 mL
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ddH,0 toll
Fairbanks D Ethanol 250 mL
Acetic acid 80 mL
dd H;0 TollL
Heparin loading buffer Tris/HCl, pH 7.9 50 mM
NaCl 50 mM
Glycerol 10 % v/v
B-mercaptoethanol 0.5 mM
DEX 50 puM
Heparin elution buffer Tris/HCI, pH 7.9 50 mM
NaCl 1M
Glycerol 10 % v/v
B-mercaptoethanol 0.5 mM
DEX 50 puM
GR Dialysis buffer Tris/HCI, pH 7.9 25 mM
NaCl 100 mM
Glycerol 10 % v/v
CHAPS 0.05 % w/v
GR SEC Tris/HCI, pH 7.9 25 mM
NaCl 100 mM
Glycerol 10 % v/v
DTT 2 mM
DEX 50 uM
GRLBDm resuspension Tris/HCI, pH 7.9 50 mM
buffer
Urea 2 M
B-mercaptoethanol 2 mM
MgCl 5mM
Imidazole 10 mM
NaCl 100 mM
Glycerol 10 % v/v
His Trap loading Buffer for Tris/HCI, pH 7.9 50 mM
GRLBDm
NaCl 500 mM
Glycerol 10 % v/v
Imidazole 10 mM
B-mercaptoethanol 0.5 mM
DEX 50 uM
His Trap loading Buffer for HEPES/KOH, pH 7.5 40 mM
Hsp90 and cofactors
KCl 150 mM
His Trap elution Buffer for Tris/HCI, pH 7.9 50mM
GRLBDm
NacCl 500 mM
Imidazole 300 mM
Glycerol 10 % v/v
B-mercaptoethanol 0.5 mM
DEX 50 uM
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His Trap elution Buffer for HEPES/KOH, pH 7.5 40 mM
Hsp90 and cofactors
KCl 150 mM
Imidazole 300 mM
lon exchange loading buffer HEPES/KOH (pH variable) 40 mM
lon exchange elution buffer HEPES/KOH (pH variable) 40 mM
KCl 1M
Laemmli Buffer (5x) Tris/HCIl, pH 6.8 312.5mM
SDS 10 % w/v
B-mercaptoethanol 25 % v/v
Glycerol 50 % v/v
Bromophenol blue 0.05 % w/v
SDS running buffer Tris/HCIl, pH 6.8 25 mM
Glycine 200 mM
SDS 0.1 % w/v
SDS-PAGE stacking gel Tris/ HCI, pH 6.8 125 mM
SDS 0.2% (w/v)
Acrylamide 5% (w/v)
TEMED 5 uL/ 2 gels
APS 60 uL/ 2 gels
SDS-PAGE separation gel Tris/ HCl, pH 6.8 62.5 mM

SDS

0.2% (w/v)

Acrylamide 12.5 % (w/v)
TEMED 5 uL/ 2 gels
APS 60 uL/ 2 gels
Standard assay buffer HEPES 20 mM
KCl 50 mM
MgCl2 5mM
TAE buffer (50x) Tris/ acetic acid, pH 8 2 M
EDTA/NaOH, pH 8 50 mM
PBS KH2PO4 5.44¢
NazHPO4 7.11 g
NaCl 2.34¢
1 M MgSOq4 1mL
ddH,0 TollL
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3.1.4 Media

Table 3. 4. Auto-induction medium for protein expression was prepared according to Studier
(196). All media, unless they were commercially available, were autoclaved and supported

with the appropriate antibiotic.

Concentration

+ 10 % (v/v) fetal bovine serum
+ 20mL/L Gibco® GlutaMAX™
+ 10 % fetal bovine serum

Substance
Commercially available

Name

Gibco™

CO; Independent Medium
Dulbecco's Modified Eagle

Commercially available

Medium (DMEM)

LB LB medium 20 g/L

Stock solutions

50x Na;HPO4 1.25M
KH2PO4 1.25M
NH4Cl 25 M
Na»S04 0.25M

zZY Bacto tryptone 1% (w/v)
Yeast extract 0.5 % (w/v)

50x 5052 Glycerol 25% (v/v)
Glucose 2.5 % (w/v)
a-lactose 10 % (w/v)

1 M MgS04 MgS04-7H,0 1M

1000x trace elements FeCl3-6H,0 50 mM
CaClz-2H,0 20 mM
|V|nC|2'4H20 10 mM
ZnS04:7H,0 10 mM
CoCly-6H.0 2 mM
CuCl-2H,0 2 mM
NiC|2'6H20 2 mM
Na;MoQ4:2H,0 2 mM
H3BOs 2 mM

ZYM5052 media for protein

expression (/L)
50x solution 20 mL
50x 5052 solution 20 mL
1M MgS0O4 2 mL
Bacto tryptone 1% (w/v)

Yeast extract
1000x trace elements
ddH,0

0.5 % (w/v)
0.2 mL (0.6 mL for GRm)
968 mL
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3.1.5 Oligonucleotides

Table 3.5. Oligonucleotides. All oligonucleotides were purchased from Eurofins (Ebersberg,

Germany).

Name Sequence Application
DAF-12 DBD F GGAATTGCTAGCCGACGACGTCAGAAAACATGTAGAG Protein expression
DAF-12 DBD R GGAATTGGATCCTCAGGATCTTTTATTACACGTTCCCG Protein expression
DAF-12 LBD F GGAATT GCTAGC AACAAAACTCCAGCTGATATTATG Protein expression
DAF-12 LBD R GGAATTGGATCCCTATTTGATTTTGAAAAATTCTCC Protein expression
GRL773P F CAAAAAACTTCCGTTTCATCAAAAGTG mutagenesis
GRL773PR ATATTTCCATTTGAATATTTTGGTATC mutagenesis

GR D590A F CTTACACCTGGCAGACCAAATGAC mutagenesis

GR D590A R TTCCTGAAACCTGGTATTG mutagenesis
AHR1F GAATTGCTAGCATGGATGTTGCATTAAAATC Protein expression
AHR1R GAATTGGATCCTTATTCTCCAGTGGTAAAC Protein expression
AHR2 F GAATTCATATGATGAATTTCCAAGGGAAG Protein expression
AHR3 F GAATTCATATGATGGAGAGGTGCTTCATATGTCGTCTAAG Protein expression
AHR3 R GAATTCTCGAGTTAACTAGTGCCATTTTTAGTCCTTAGTGG Protein expression
VDR1F GAATTCATATGATGGAGG CAATGGC Protein expression
VDR1R GAATTGGATCCTCAGGAGATCTCATTG Protein expression
VDR LBD F GAATTCATATGATGTCCTCCTGCTCAGATC Protein expression
2698 F ACTGTGGAACTGACTGTTCTCCACAGACTCT AUC, EMSA

2698 R AGAGTCTGTGGAGAACAGTCAGTTCCACAGT AUC, EMSA

GATC PET RP CTAGTTATTGCTCAGCGG sequencing
GATCT7 TAATACGACTCACTATAGGG sequencing

3.1.6 Enzymes and Kits

Table 3.6. Enzymes and Kits

Name Source
Antarctic Phosphatase New England Biolabs (Ipswich, USA)
DNasel Sigma Aldrich (St. Luis, USA)

New England Biolabs (Ipswich, USA)
Roche (Mannheim, Germany)

New England Biolabs (Ipswich, USA)
Roche (Basel, Switzerland)

New England Biolabs (Ipswich, USA)
New England Biolabs (Ipswich, USA)
New England Biolabs (Ipswich, USA)
Trypsin Roche (Basel, Switzerland)

Q5@ Site-Directed Mutagenesis Kit New England Biolabs (Ipswich, USA)
Wizard® Plus SV Minipreps DNA Purification Kit Promega (Madison, USA)

Wizard® SV Gel and PCR Clean-Up System Promega (Madison, USA)

Annexin V Promega (Madison, USA)

GoTaq polymerase
Lactate dehydrogenase
Phusion DNA Polymerase
Pyruvate Kinase
Restriction Enzymes

T4 DNA Polymerase

T4 ligase
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3.1.7 Fluorophores

Table 3.7. Fluorophores

Name Excitation Emission Source

ATTO 488 500 nm 520nm  ATTO-TEC (Siegen, Germany)

ATTO 550 554 nm 576 nm  ATTO-TEC (Siegen, Germany)

Fluorescein Dexamethasone 490 nm 525 nm Thermo Fischer Scientific

SYPRO Orange 470 nm 570 nm Life Technologies (Carlsbad, USA)

Clear G 490 nm 530 nm  Serva (Heidelberg, Germany
3.1.8 Plasmids
Table 3.8. Plasmid vectors.

Name Source

AHSA-1 Eppstein lab

AHR1 This work

AHR2 This work

AHR3 This work

HaloGRLBDm JB strain collection

SumoGRDBDLBD (GRm)  JB strain collection

SumoGRDBDLBD D590A This work

SumoGRDBDLBD L773P  This work

DAF-12 DBD This work

DAF-12 LBD This work

DAF-21 KR strain collection

DAF-21 C63 purchased

DAF-21 C63 V499A This work

FK1 Siyuan Sima

FK2 Siyuan Sima

FKB-6 KR strain collection

Fkbp51 JB strain collection

Fkbp52 JB strain collection

Hsp90p JB strain collection

PPH-5 KR strain collection

PPH-5 P375Q Lukas Schmauder

PPH-5tm2979 Vera Wanka

Pp5 KR strain collection

STI-1 KR strain collection

VDR1 This work

VDR2 This work

Xap2 JB strain collection
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3.1.9 Equipment

Table 3.9. Instruments, devices and other equipment

Name

Origin

Instruments

Analytical Balances ( 1409 MP, BL310, BP121S)
Analytical Ultracentrifuges (AUC)

Carry 100/50 UV-VIS spectrometer

CD spectrometer

Cell Disrupter

Biometra BioDOC II

AUC Fluorescence Detector

Preparative Centrifuges (Avanti J25, rotors JA-
10, JA/25.50)

Mx3000P QPCR light cycler

Stereo Microscope

Nano Drop ND-2000

Pharmacia FPLC system

Fluorescence Spectrometer FP 8000
Fluoromax 4 Spectrofluorimeter

Q Exactive Hybrid-Quadropole Orbitrap mass
spectrometer

Purification Columns

HiTrap Heparin HP

HisTrap HP, 5mL

Resource Q column, 6 mL

Superdex 75 or 200 prep grade, 130 or 240 mL
Other

Autoclave Varioclav EP-Z

Amicon Ultra Centrifugal Filters
Gel Electrophoretic Device
Dialysis Tubes Spectra Por 6-8 kDa
Incubator

Magnetic Stirrer Heidolph MR2000
Microconcentrators

Pur A Lyzer dialysis kit

Superloops

Thermomixer

Pharmacia EPS 3500, 301 1001
Ultrafiltration Cell and Discs
BiometraBioDOC II

Quartz Cuvettes

Satorius (Goettingen, Germany)
Beckmann Coulter (Krefeld, Germany)
Varian (Palo Alto, USA)

Jasco J-715 (Hessen, Germany)
Constant Systems (Warwick, UK)
Biometra (Goettingen, Germany)

Aviv Biomedical (Lakewood, USA)
Beckmann (Krefeld, Germany)

Agilent Technologies (Santa Clara, USA)
Leica (Wetzlar, Germany)

Peqglab (Erlangen, Germany)

Pharmacia (Stockholm, Sweden)

Jasco (Hessen, Germany)

(Horiba Jobin Yvon, Bensheim, Germany)
Thermo Fischer Scientific

GE Healthcare (Little Chalfont, UK)
GE Healthcare (Little Chalfont, UK)
GE Healthcare (Little Chalfont, UK)
GE Healthcare (Little Chalfont, UK)

HP  Medizintechnik
Germany)
Merck-Millipore (Darmstadt, Germany)

GE Healthcare (Freiburg, Germany)
Thermo Fischer Scientific

New Brunswick Scientific (Nuertingen,
Germany)

Heidolph (Staufen, Germany)
Merck-Millipore (Darmstadt, Germany)
Sigma Aldrich (St. Luis, USA)

GE Healthcare (Freiburg, Germany)
Eppendorf (Hamburg, Germany)

GE Healthcare (Freiburg, Germany)
Merck-Millipore (Darmstadt, Germany)
Biometra (Gottingen, Germany)

Hellma (Millheim, Germany)

(OberschleiBheim,
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3.1.10 Software, Databases, Tools

Table 3.10. Software, Databases, Tools

Name Source

Adobe lllustrator CS3 Adobe Systems (San Jose, USA)
Avogadro https://avogadro.cc/

Biorender https://biorender.com

BIOVIA discovery studio BIOVIA (California, USA)

BLAST NCBI

CGenF MacKerell et. al, University of Maryland
Chimera University of California San Franscisco
ClustalOmega https://www.ebi.ac.uk/Tools/msa/clustalo/
ClusterEx Klaus Richter

CUPSAT http://cupsat.tu-bs.de/

Cytoscape National Resource for Network Biology
Deuteros Politis Lab, King’s College London
Diffuz Klaus Richter

PLGS and DynamX

EPD the Eykaryotic promoter database
ExPAsy

FoldX

GeneMANIA

GEO microarray repository

HADDOCK 2.2 expert interface

MaxQuant 1.5
Microsoft Office 2010
NEB cutter

Origin Pro 8.6

PDB, Protein Data Bank
pLink

pyMol

SedFit

Transcriptome Analysis Console (TAC)
Uniprot

xMass

Waters Inc.

Swiss Institute of Bioinformatics

Swiss Institute of Bioinformatics
http://foldxsuite.crg.eu/
https://genemania.org/

NCBI, https://www.ncbi.nlm.nih.gov/gds/?
Bonvin Lab, University of Utrecht (Utrecht,
Netherlands)

https://www.maxquant.org/

Microsoft (Redmont, USA)
http://nc2.neb.com/NEBcutter2/

OriginLab

https://www.rcsb.org/

Chinese Academy of Sciences, Beijing, China
Schrodinger, Inc.

Peter Schuck

Thermo Fischer Scientific
https://www.uniprot.org/

Klaus Richter
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3.2 Methods
3.2.1 Molecular Biology

Storage and Cultivation of E.coli

E.coli was cultured in LB or ZYM 5052 media and selection was achieved by adding 35 pg/mL
kanamycin or 100 pg/mL ampicillin, depending on the plasmid’s resistance. Cells were
incubated in liquid media or on plates at 37 °C and cultures were inoculated with single
colonies. For cultures growing in LB media, growth was monitored by measuring the optical
density at 600 nm. For storage, a cryo- vial with 0.5 mL of overnight culture was supplied with

0.5 mL 60 % sterile glycerol, was shock frozen in liquid nitrogen and stored at -80°C.

Transformation of E.coli

100 ng DNA were added to 200 ul competent E.coli cells and incubated for 15 minutes on ice.
A 60 second heat shock at 42 °C was performed and cells were incubated for 15 more minutes
on ice. Cells were supplied with LB medium and incubated at 37°C for 45 minutes.
Subsequently, cells were spun down with 7000 rpm for 1 minute, the pellet was resuspended
in 60ul LB medium, plated on LB plates with the appropriate antibiotic and incubated

overnight at 37 °C.

Plasmid DNA isolation from E.coli cells and determination of DNA concentration

DNA was isolated from 5 mL E. coli overnight pre-cultures, supported with appropriate
antibiotic and using the Wizard Plus SV Mini-Prep kit, according to the manufacturer. DNA
concentration was determined by absorbance (UV-Vis) spectroscopy at a wavelength of 260
nm using a Nanodrop ND-1000 UV-Vis spectrophotometer. The DNA sequence was verified by
NGS at GATC/Eurofins (Konstanz, Germany).
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Polymerase Chain Reaction (PCR)

The polymerase chain reaction (PCR) was used to amplify genomic DNA of interest to generate
protein constructs. GoTaq or Phusion DNA Polymerase and the respective buffers provided
with the enzymes, were used according to the manufacturer. A concentration of 1 ng/uL
template, 1 pmol/pL forward and reverse primer and 2mM dNTPs were used. Due to the high
GC content in all possible AHR and VDR primers, a two-step PCR was performed as described

in Table 3.12.
Thermocycling conditions for a routine PCR were as in the following table:

Table 3.11. Thermocycling conditions for a routine PCR

step T(°C) Time
Initial Denaturation  98°C 30 seconds
98°C 5-10 seconds
25-35 Cycles 45-72°C  10-30 seconds
72°C 15-30 seconds per kb
Final Extension 72°C 5-10 minutes
Hold 4-10°C oo

Table 3.12 Two-step PCR conditions

step T (°C) Time
Initial Denaturation  98°C 30 seconds
98°C 5-10 seconds
25-35 Cycles 72°C 15-30 seconds per kb
Final Extension 72°C 2 minutes
Hold 4-10°C oo

The PCR products were confirmed by agarose gel electrophoresis and were purified using the

Wizard SV Gel and PCR Clean-up system according to the manufacturer.
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Agarose gel electrophoresis

DNA was separated on 1 % agarose gels (w/v) prepared with the addition 1 g agarose in 100mL
TAE buffer, heating of the solution followed by addition of 1uL Clear G DNA stain upon casting
the gel. Separation, including a DNA standard for size determination, was carried out with

120 V for 20 minutes.

Cloning

The appropriate enyzmes for digestion, dephosphorylation and ligation were used according
to the supplier. Plasmid vectors and inserts were digested for 4 hours at 37 °C and vectors
were dephosphorylated for 1 additional hour by the Antarctic Phosphatase in the same
reaction mixture, to prevent self-ligation. After purification of the products with the Wizard®

SV Gel and PCR Clean-Up System, overnight ligation was performed at 4 °C with the T4 ligase.

Site Directed Mutagenesis

Single point mutations were incorporated with the Q5® Site-Directed Mutagenesis kit by NEB
according to the manufacturer. Primers were designed with 5 ends annealing back-to-back
with the NEB online design software, NEBaseChanger™. After PCR, the amplified material is

ligated with the KLD (Kinase-Ligase-Dpnl) enzyme mix and transformed into E.coli.

Human Cell Culture

Human HEK293 cells were cultured according to the cell line provider, in Dulbecco’s modified
Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum and penicillin-

streptomycin and were incubated in a 5% CO; incubator.
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Cells used in the Annexin V assay were cultured in CO2-independent medium supplemented
with 10% fetal bovine serum, Glutamine and penicillin-streptomycin and were seeded in 96-

well plates the day prior to the experiment.

Annexin V assay

Annexin V assays to detect early apoptosis were carried out utilizing the RealTime-Glo™
Annexin V Apoptosis kit according to the manufacturer’s instructions. Cells seeded in 96-well
plates the day prior to the experiment were treated with identical handling with the
appropriate DMSO, DEX and KUNB31 concentrations, mixed with the assay mix and

luminescence was recorded in a plate reader for 55 hours at 37 °C.

RNA extraction

Total RNA was extracted from HEK293 cells according to the “Purification of total RNA from
animal cells using the spin technology protocol of the RNeasy Micro Kit (QIAGEN, Hilden,
Germany). In brief, the harvested cells were washed with PBS. Dry cell pellets were flash-
frozen and shipped on dry ice. After adding 700ul buffer RLT containing 1% beta-
mercaptoethanol and thawing, the samples were mixed by vortexing and homogenized with
QlAshredder spin columns. Next 1 volume of 70% ethanol was added and the samples were
applied to RNeasy MinElute spin columns followed by an on-column DNase digestion and
several wash steps. Finally total RNA was eluted in 14 pl of nuclease free water. Purity and
integrity of the RNA was assessed on the Agilent 2100 Bioanalyzer with the RNA 6000 Nano
LabChip reagent set (Agilent, Palo Alto, CA, USA). Sample processing was performed at a
Genomics Core Facility, “KFB - Center of Excellence for Fluorescent Bioanalytics” (Regensburg,

Germany; www.kfb-regensburg.de) as a fee-for-service.
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GeneChipTM microarray assay

Sample preparation for microarray hybridization was carried out as described in the Applied
BiosystemsTM GeneChipTM Whole Transcript (WT) PLUS Reagent Kit User Guide (Thermo
Fisher Scientific, Waltham, MA, USA). In brief, 200 ng of total RNA was used to generate
double-stranded cDNA. 12 pg of subsequently synthesized cRNA were purified and reverse
transcribed into single-stranded (ss) cDNA, whereas unnatural dUTP residues were
incorporated. Purified ss cDNA was fragmented using a combination of uracil DNA glycosylase
(UDG) and apurinic/apyrimidinic endonuclease 1 (APE 1) followed by a terminal labeling with
biotin. 3,8 ug of fragmented and labeled ss cDNA were hybridized to Applied BiosystemsTM
GeneChipTM Human Gene 2.0 ST arrays for 16 h at 45° C and 60 rpm in an Applied
BiosystemsTM GeneChipTM hybridization oven 640. Hybridized arrays were washed and
stained in an Applied BiosystemsTM GeneChipTM Fluidics Station FS450, and the fluorescent
signals were measured with an Applied BiosystemsTM GeneChipTM GeneChip Scanner 3000
7G System. Fluidics and scan functions were controlled by the Applied BiosystemsTM
GeneChipTM Command Console v5.0 software. Sample processing was performed at a
Genomics Core Facility, “KFB - Center of Excellence for Fluorescent Bioanalytics” (Regensburg,

Germany; www.kfb-regensburg.de) as a fee-for service.

3.2.4 Protein Biochemistry

Protein expression and Cell disruption

All proteins in the present study were expressed in E.coli BL21 codon+ cells utilizing pet28
vectors harboring a hexa-histidine Hise-tag. GR constructs harbored a Halo (GRLBD) or SUMO
(GRm) tag, in addition to the Hise-tag, that was cleaved by the appropriate protease before

purifying to homogeneity.

For expression of Hsp90 and cofactors, the respective vectors were transformed into BL21
codon+ E.coli and a 5 mL overnight pre-culture was inoculated. 2L of LB media in 5L flasks

supported with Kanamycin, were inoculated with the overnight pre-culture and were grown
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at 37 °C until an ODsoo of 0.6-0.8 was reached. The cells were subsequently induced with 0.5

mM IPTG and the desired proteins were expressed over night at 25°C.

For GR, MR, AHR, VDR and DAF-12 constructs, 1L ZYM 5052 media per baffled 5L flask with
the appropriate antibiotic was inoculated with 1mL overnight preculture, supported with 1%
glucose. After 4h of growth at 37 °C, the appropriate steroid was added (for GR and MR), the

cultures were transferred to 18°C, and proteins of interest were expressed overnight.

Cells were harvested by centrifugation with 7000 rpm (JA10 rotor, 15 min, 4°C). After
harvesting, cells were homogenized in the appropriate buffer, supported with protease
inhibitor HP and DNAse | and were mechanically disrupted at 1.8 kbar using a hydraulic press.
Cell debris was removed by centrifugation at 20000 rpm (J25.50 rotor, 45 min, 4°C) and

cleared lysate was injected in a 150 mL superloop for further purification.

Ni-NTA affinity chromatography

HisTrap HP columns are packed with Ni Sepharose affinity resin that provides a convienent
way for purifying the proteins harboring a Hise-tag. All proteins purified in this study were first
subjected to a Ni-NTA step including: 50 mL wash with 100% HisTrap loading buffer, a 120 mL
washing step with HisTrap loading buffer containing 5% HisTrap elution buffer, and elution
within 60 mL of 100% HisTrap elution buffer. Purification was carried out at at 4 °C with 1.5

mL/min.

Heparin affinity chromatography

Heparins are negatively charged, polydispersed linear polysaccharides, which have the ability
to bind a wide range of biomolecules including hormone receptors (197). Heparin is not only
separating proteins according to affinity but is also an ion exchanger and can help achieving a
high-resolution purification. GRm, after proteolytic cleavage of the SumoTag, was loaded onto
a 150 mL superloop and injected into a HiTrap Heparin HP. After the injection and a 50 mL
washing step with heparin loading buffer, GRm was eluted with a salt gradient within 200 mL

using heparin elution buffer. Purification was carried out at 4 °C with 1.5 mL/min.
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Anion exchange

Anion exchange chromatography separates the different species based on their affinity to the
ion exchanger. Resource Q/S columns are packed with strong ion exchangers and yield high-
resolution purifications. This step was, with the exception of GRm that was subjected to
Heparin chromatography, performed for each protein purification, after isolation of the Hise.

tagged proteins and prior to SEC.

Size exclusion chromatography (SEC)

SEC is a chromatography step used to separate proteins according to their molecular weight.
Protein fractions pooled after anion exchange or heparin affinity chromatography were (upon
concentration if needed) injected (5-10mL volume) to a Superdex 16/600 or 26/600 column.
The appropriate storage buffer with a flow of 0.4 mL/min flow was used to purify proteins to
homogeneity according to their size. After this purification step performed at 4 °C, proteins

were concentrated and shock-frozen for storage at -80°C.

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

Cell extracts and purified proteins were analysed by SDS-PAGE according to Laemmli. Samples
were mixed with 5x Laemmli buffer and were boiled at 95 °C prior to gel loading. Acrylamide
concentration of the gels, unless otherwise noted, was 12.5 %. SDS-PAGE was carried out at a
constant current of 35 mA per gel for 40 min. Gels were stained with Coomassie blue according

to Fairbanks. The molecular weight of the proteins was compared to a protein standard.
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Protein Labeling

Proteins were randomly labeled at cysteine or lysine residues using the maleimide- or
succinimide- functionalized ATTO 488 dye respectively. 0.1 mg ATTO 488 dissolved in DMSO
was added to 1 mg of protein with a final maximal DMSO concentration of 1%. The reaction
was carried out for one hour at room temperature and was quenched with 100 mM DTT. Free
label was removed by dialysis against 25 mM Tris, 100 mM NacCl, 50 uM DEX (for GR), and 0.5
mM DTT.

The degree of labeling was determined using the following equation:

Azg0 — Amax * CF
e(POI)

C[M] = (

) * dilution factor

ASOS

* dilution factor
EarTo4ss * C[M](POI)

Degree of labelling =

c[M](POI)= concentration of protein of interest in M, Azso= absorbance at 280 nm, Amax=
absorbance maximum of dye, CF= correction factor of the dye, for ATTO 488 CF = 0.1, €poi=
molar extinction coefficient of the protein of interest in cmM™, eatroass= molar extinction

coefficient of the dye in cm*M?

Crosslinking experiments

The crosslinking reactions were carried out in 20 mM HEPES, 20 mM KCI, 5 mM MgClI2, pH 7.5
for 10 minutes at room temperature, using the bis-sulfo-succinimidyl-suberate crosslinker
(BS3-H12/D12) (Creative Molecules, Scottsdale, USA) in a 50-fold excess over protein, as
described previously (59,188). The crosslinking reaction was quenched by the addition of
5 x Laemmli buffer. Samples were analysed on SERVAGel Neutral pH 7.4 gradient gels and

bands representing the crosslinked species were excised.
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Analytical Ultracentrifugation (AUC)

Sedimentation analysis was performed with a Proteomelab Beckman XL-A analytical
ultracentrifuge (Beckman, Krefeld, Germany) with an AVIV fluorescence detection system
(Aviv Biomedical Inc., Lakewood, USA). Ultracentrifugation was carried out at 42000 rpm, 20
°C, in standard assay buffer (and 50 uM dexamethasone for GR, when fluoresecently labelled
F-DEX was not employed). Samples containing 600 nM of randomly labelled GRLBDm (in Cys
residues) and 3 uM of the unlabelled chaperones and cofactors of interest, unless stated
otherwise, were prepared while nucleotides were added at a concentration of 2 mM. AUC
experiments monitoring F-DEX, utilized 400nM F-DEX and 2 uM of the unlabelled proteins of
interest, unless stated otherwise. These measurements were carried out in 20 mM HEPES, 20
mM KCl, 5 mM MgCl,, pH 7.5. Data analysis was performed by calculating differences between
scans from a selected time range and averaging over several of these differentials. dF/dt data
were then normalized against the initial fluorescence intensity. To ensure comparable sample
handling, plots were generated from samples measured in the same experiment with
automated data processing in the in-house software diffUZ. sy values were derived from a

bi-Gaussian fitting of the dF/dt plots.

Sedimentation experiments, in which all proteins should be detected without specific labelling

were performed with the UV/VIS detector at 280 nm.

Small angle X-ray scattering (SAXS)

SAXS measurements were carried out on a Rigaku BioSAXS-1000 instrument with an H7007
microfocus generator equipped with a Cu target at 40kV and 30mA, as described previously
(198). The measurements were performed for each sample at three different concentrations
and upon subjecting the purified proteins to SEC. SAXS measurements were performed by Ralf

Stehle.
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Electrophoretic Mobility Assays

The gel electrophoresis mobility shift assay (EMSA) is used to detect protein complexes with
DNA, during which the species of interest are subjected to electrophoresis under native
conditions (199). EMSAs in this study were carried out using commercially available Novex™
TBE Gels, 10%. DNA 2698 was purchased as forward and reverse oligonucleotide and was
hybridized by heating at 98 °C. Electrophoresis was carried out in TAE buffer and as indicated
by the manufacturer. After electrophoresis, the gels were stained with Clear G DNA stain by
incubating the gel in 20mL+ 5 pL Clear G for 20 minutes, and upon scanning of the gel with a
Typhoon scanner at green fluorescence to specifically detect DNA, gels were also stained with

Coomasie to detect the protein bands.

Absorbance UV-Vis spectroscopy

Proteins absorb UV light with maxima at 200 and 280 nm due to their backbone and aromatic
amino acids. Protein concentration was determined on a NanoDRop ND1000, using the
storage or dialysis buffer as blank. Concentration was calculated based on Beer and Lambert’s

law:

A= X b X

With A = absorbance, € = extinction coefficient of POl in cm™*M?, b = cell length in cm, ¢ =
protein concentration in M. The protein extinction coefficient was calculated with the Expasy
ProtParam tool.
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ATPase assays

ATP turnover was monitored with a Cary 50 spectrometer, using an ATP-regeneration system
at 30 °C and in standard assay buffer (200,201). After recording a baseline, 2mM ATP were
added and activity was recorded for 40minutes. Background Hsp90 ATPase activity was

determined by addition of radicicol (10 uM) and recording the signal for further 10 minutes.

ATPase activity was determined using the following equation:

AA340nm

o 11 At
ATPase activity[min™"] = (enap+ — Enaph) * C(ATPase)

With: eyap+ — Envapy = 6200, A= absorbance,t= time, , ¢ = protein concentration in M.

Fluorescence spectroscopy

Intrinsic tryptophan fluorescence spectra were recorded with a Fluoromax 4 in a 1cm quartz
cuvette, at 20 °C and 1-8 uM protein concentration. Samples were excited at 280 nm and

emission spectra were recorded between 300 and 400 nm. Slits were set to 5nm.

Fluorescence polarization

Fluorescence polarization was monitored with a Jasco FP-8500. fluorescence spectrometer
(Jasco, GroR-Umstadt, Germany) equipped with polarizers. 1 uM apo-GRLBDm, after extensive
dialysis to remove dexamethasone as described, was added to various chaperone mixtures
with a chaperone and cofactor concentration of 3 uM (44). Binding kinetics to 50 nM
fluorescently labelled dexamethasone were recorded at 20 °C in 20 mM HEPES, 20 mM KCl, 5
mM MgCl,, 2 mM ATP, pH 7.5. Hormone binding rates were determined by fitting association
kinetics to exponential models and the error bars represent the standard deviation of three
independent measurements.
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Forster resonance energy transfer measurements (FRET)

HSP-90 C63 V499A labelled with ATTO488 likely at Cys 63 was mixed with HSP-90 labelled
under identical conditions with ATTO 550 in standard assay buffer. Fluorescence was
monitored with a JASCO FP-8500 (Jasco, GroR-Umstadt, Germany) fluorescence spectrometer

recording the kinetics of donor and acceptor dye simultaneously.

H/DX MS

Hydrogen/Deuterium exchange mass spectrometry was performed on a fully automated
system equipped with a Leap robot (HTS PAL; Leap Technologies, NC), a Waters ACQUITY M-
Class UPLC, an H/DX manager (Waters Corp., Milford, MA) and a Synapt G2-S mass
spectrometer (Waters Corp., Milford, MA), as described previously (202,203). 30 uM GRm
were diluted 1:20 with deuterium oxide in 25 mM Tris, 100mM NaCl 10 % (v/v) glycerol, pH
7.9 and incubated for 0.17min, 1 min, 10 min, 30 min and 2hr. For measurements with the
Hsp90 chaperone the protein sample contained 15 uM Hsp90 and 15 uM GRm and the buffer
contained 2mM ATP. The exchange was quenched by 1:1 dilution with quenching buffer (200
mM Na2HPO4 x 2 H20, 200 mM NaH2P0O4 x 2H20, 250 mM Tris (2-carboxyethyl)phosphine,
3 M GdmCl, pH 2.2) at 1°C. Digestion was carried out a Waters Enzymate BEH Pepsin Column
(2.1 x 30 mm) at 20°C. Peptides were trapped and separated on a Waters AQUITY UPLC BEH
C18 column (1.7 um, 1.0 x 100 mm) with a acetonitrile /H20 gradient containing 0.1% (v/v)
formic acid at 0 °C to minimize back-exchange. Eluting peptides were directly subjected to the
Synapt TOF mass spectrometer by electrospray ionization. Data analysis was conducted with
the Waters Protein Lynx Global Server PLGs (version 3.0.3) and DynamX (Version 3.0) software

package. Measurements and DynamX analysis were performed by Florian RiihrnoRl.
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Circular dichroism spectroscopy

Circular dichroism spectroscopy was used to ensure proper folding of the proteins used in

the present study

Proteins were measured at 0.1 mg/mL protein concentration using 0.1 cm cuvettes. CD
spectra were recorded at 20 °C for a wavelength range of 260-200 nm using a Jasco J-715
spectropolarimeter coupled to a Peltier element. Spectra were accumulated 12 times at 20 °C

and were normalized for mean residue ellipticity using the following equation:

_ MRW X ©
MRW = 10xcx d

The mean residue weight (MRW) is calculated from the MW/(N— 1) with N = number of amino
acids. Omrw= mean residue ellipticity in deg cm?dmol™, ©= measured ellipticity in deg, d = cell

length in cm, MW= molecular weight in g/mol, c= protein concentration in M.

Thermal transitions were recorded at 220nm for a temperature range of 20-90 °C with a

heating rate of 1°/min.

In-gel digestion

Protein bands were washed and destained by three times alternating 10 min treatments with
buffer A (10 mM ammoniumhydrogencarbonate, pH 8.3) and buffer B (buffer A:100%
acetonitrile from Merck KGaA, Darmstadt, Germany in a ratio of 50:50 (v/v)), as described
previously76,77. After the second incubation with 50 mM ammonium bicarbonate, samples
were treated with 50 pl 10 mM DTT (AppliChem GmbH, Darmstadt, Germany) for 1 h at 56 °C
and with 50 pl 50 mM IAA (Merck KGaA, Darmstadt, Germany) for 45 min at room
temperature before the destaining protocol was continued. Finally, gel pieces were dried in a

vacuum concentrator (RVC2-25CD plus, Martin Christ Gefriertrocknungsanlagen, Osterode am
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Harz, Germany). Digestion was initiated by adding 8 pl of trypsin solution (0.015 ug/ul, Serva,
Heidelberg, Germany) and was performed overnight. The digestion was stopped, and peptides
were eluted by incubating the gel pieces two times for 15 min with 30 ul of a 1:1 solution
containing 100% acetonitrile and 0.1% (v/v) TFA (Merck KGaA, Darmstadt, Germany) in an ice-
cooled ultrasonic bath. Samples were dried in a vacuum concentrator and resuspended in 20
ul 0.1% (v/v) TFA. Afterwards, the peptide concentration was determined by amino acid
analysis (AAA) as described by Plum et al.(204). Measurements were performed by Katalin

Barkovits at Ruhr University Bochum.

NanoLC-ESI-MS/MS

200 ng tryptically digested samples were measured by nanolLC-ESI-MS/MS as described
previously (205). An UltiMate 3,000 RSLC nano LC system (Thermo Fischer Scientific, Bremen,
Germany) was utilized for nano HPLC analysis using the following solvent system: (A) 0.1% FA;
(B) 84% ACN, 0.1% FA. Samples were initially loaded on a trap column (Thermo Fischer
Scientific, 100 um x 2 cm, particle size 5 pm, pore size 100 A, C18) with a flow rate of 30 pl/min
with 0.1% TFA. After sample concentration and washing, the trap column was serially
connected with an analytical C18 column (Thermo Fischer Scientific, 75 u m x 50 cm, particle
size 2 um, pore size 100 A), and the peptides were separated with a flow rate of 400 nl/min
using a solvent gradient of 4% to 40% B for 95 min at 60 °C. After each sample measurement,
1 h of column washing was performed for equilibration. The HPLC system was on-line
connected to the nano-electrospray ionization source of a Q Exactive HF mass spectrometer.
The mass spectrometer was operated in a data-dependent mode with the spray voltage set
to 1,600 V in positive mode and a capillary temperature of 275 °C. Full scan MS spectra (mass
range 350-2000 m/z) were acquired in the Orbitrap analyzer at a mass resolution of 60,000.
The twenty most intensive ions per spectrum were subsequently fragmented using collision-
induced dissociation (35% normalized collision energy) and scanned in the linear ion trap. The
m/z values triggering MS/MS were set on a dynamic exclusion list for 30 s. Measurements

were performed by Katalin Barkovits at Ruhr University Bochum.
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3.2.6 Computational Methods

Identification of crosslinked peptides

Initial data analysis was performed with MaxQuant 1.5 to obtain lists of all peptides and peaks
from the raw data files (206). These tables were then searched with xMASS as described
previously, yielding crosslinks in four categories with either crosslinker attached at one (Type
1) or both ends (Type 2) on one peptide, crosslinker bridging peptides from the same protein
(Type 3) or crosslinker bridging peptides from different proteins (Type 4) (188). These
crosslinked products could be filtered for the same intensity of the peaks separated by 12.07
Da, co-elution from the column, fragmentation spectrum in MS2 and other potential solutions
with a similar score. In parallel, the software pLink was used to search the same datasets with

the default parameter settings (207).

Homology Modeling

Homology models for C.elegans PPH-5 and FKB-6 were generated using the Chimera interface
to MODELLER. FKB-6 and PPH-5 were modelled based on human FKBP51 (PDB 5NJX) and rat
PP5 (PDB 4JA9) respectively (208-211).

C.elegans Hsp90 was modelled by Klaus Richter with the Chimera interface to MODELLER and

using the ADP-bound HtpG from E.coli as template (58).

Integrative Modeling & Molecular Docking

Disvis is an algorithm developed by the Bonvin lab that visualizes and quantifies the
information content of distance restraints between macromolecular complexes and provides
a first overview of the interaction space (212,213). Disvis can be used to filter out false positive

restraints so the validity of the crosslinked products was confirmed using this algorithm.-
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Docking was performed in the expert interface of HADDOCK. Lysine residues identified in
crosslinking products were defined as active residues, enforcing a distance restraint of 30 A
between their CB-atoms, to direct the docking calculations. Structures from the best binary
solutions were used to proceed with docking the third protein and assemble the trimeric

complexes.

Molecular Dynamics Simulations

Molecular Dynamics simulations were performed with GROMACS v2018 in the CHARMM?36
force field, obtained from the MacKerell lab website and were based on the Protein-Ligand
tutorials provided by Justin A. Lemkul, Ph.D., Virginia Tech Department of Biochemistry.
Simulations were all based on the crystal structure with PDB ID 5NFP solved by Hemmerling
et al. The L773P mutation was generated with the FoldX algorithm. Dexamethasone topology
was generated with the CGenFF server. CHARMM is an all-atom force field and since
hydrogens are not assigned in crystal structures, the Avogadro progam was used to assign the
dexamethasone hydrogen atom coordinates. The cgenff_charmm2gmx.py script from the
MacKerell lab was used to format the ligand topology for GROMACS. The protein ligand
topology was built by including the ligand parameters and topology in the protein topology.
The unit cell was defined as a dodecahedron (gmx editconf) and was solvated in TIP3P water
(gmx solvate). The protein net charge was neutralized (gmx genion) by adding the appropriate
Na *and CI" ions and the energy minimization step was performed (gmx em) in maximum
50000 minimization steps (nsteps), ensuring the geometry and solvent orientation in the
starting structure are reasonable. The ligand was restrained (gmx genrestr) and grouped with
the protein for the purpose of temperature coupling whereas the ions and solvent were
grouped together. The first equilibration phase is conducted under an NVT ensemble
(constant Number of particles, Volume, and Temperature, also referred to as ‘isothermal-
isochoric) (gmx nvt) and stabilizes the temperature of the system to 300K (here in 2 steps of
100ps each). Pressure equilibration is conducted in 2 steps of 100ps each, under an NPT
ensemble, where the number of particles, pressure and temperature are constant

(isothermal-isobaric ensemble). After the two equilibration phases, position restraints are
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released and production MD was run for data collection for either 100ns or 1ns. MD

trajectories were analyzed with the GROMACS toolset.

GeneChipTM microarray data analysis

Summarized probe set signals in log2 scale were calculated by using the RMA algorithm with
the Applied BiosystemsTM GeneChipTM Expression Console v1.4 Software (214). After
exporting into Microsoft Excel, average signal values, comparison fold changes and
significance P values were calculated. Microarray data were analysed with the software TACx.

Gene lists were filtered for p-value and fold change as indicated in the respective tables.
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4. Results

4.1 Glucocorticoid receptor complexes form cooperatively with the Hsp90 co-chaperones

Pp5 and FKBPs

Parts of this section have been published in Kaziales, A., Barkovits, K., Marcus, K., and Richter,
K. (2020) Glucocorticoid receptor complexes form cooperatively with the Hsp90 co-
chaperones Pp5 and FKBPs. Scientific Reports 10, 10733.

Open and closed states of GRLBDm complexes with HSP-90 can be formed with the

nematode PPH-5.

GR-complexes with nematode HSP-90 can accommodate the protein phosphatase PPH-5,
which binds via its TPR-domain to HSP-90 and is then active to dephosphorylate the DNA-
binding domain of the HSP-90 bound GR (188). Given that no further information is available
on this protein complex, also in other model systems, we were interested to see how the
function and affinity are regulated and whether the HSP-90 conformation is restricted. We
therefore tested whether the GRLBDm-HSP-90-PPH-5 complex can be influenced by the
presence of nucleotides that induce the closed state of HSP-90. GRLBDm was fluorescently
labelled with ATTO 488 and sedimentation behavior of the protein complexes it is forming was
followed by analytical ultracentrifugation (AUC) coupled to fluorescence detection. GRLBDm
alone sediments with 2.8 S, while in the presence of nematode HSP-90 it forms a complex with
6.1 S. Upon addition of PPH-5 to GRLBDm-HSP-90, a strong shift to higher sxw, 7.2 S, was
observed for the ternary complex, as reported previously (Fig. 4.1).(188) Furthermore, the
addition of PPH-5 led to a significant reduction of free GRLBDm at 2.7 S compared to HSP-90
alone, implying that the presence of PPH-5 increases the affinity of HSP-90 for GRLBDm (Fig.
4.1).
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+HSP-90

2 1 +HSP-90+ATPYS

+HSP-90 +DAF-41 +ATPYS

Normalized dF/dt

Figure 4.1. Sedimentation velocity AUC analysis of labelled GRLBDm, GRLBDm-HSP-90,
GRLBDmM-HSP-90/ATPYS, GRLBDm-HSP-90-PPH-5, GRLBDm-HSP-90/ATPyS:-PPH-5 complexes.

Then the slowly hydrolysable ATP analog, ATPyS, was utilized to test whether the closing
reaction of the nematode Hsp90 protein is possible. The presence of ATPyS indeed leads to an
increased sedimentation coefficient (s20,w) for the ternary complex from 7.2S5t0 7.9 S, implying
that GRLBDm-HSP-90-PPH-5 can be influenced by the nucleotide and may become more
compact. The increased sxow matches the behavior of other Hsp90-assemblies, in which the
nucleotide-induced closing reaction is observable (62,215). Despite the increased
sedimentation coefficient, the amount of bound GRLBDm decreased and the concentration of
free GRLBDm at 2.8 S increased, implying that the ATPyS-induced closing reaction slightly
decreases the affinity of the chaperone complex to its client (Fig. 4.1). We also tested the
nucleotide influence in the absence of PPH-5. Also under these conditions, ATPyS reduces the
affinity of HSP-90 for GRLBDm, but the shift representing the closing movement cannot be
observed and the sow is unchanged at 6.2 S (Fig.4. 1). This implies that PPH-5 supports the
nucleotide-induced compaction of nematode HSP-90-GRLBDm complexes and simultaneously

increases the affinity of the chaperone machine to this client.
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HSP-90 co-chaperones differentially influence GRLBDm complexes.

Having observed that PPH-5 forms a complex with HSP-90 and GRLBDm and supports the
nucleotide-induced rearrangement of the chaperone, we aimed at testing whether other
cofactors of the nematode HSP-90 system are influencing the assembly of the GRLBDm-HSP-
90 complex. The cofactors STI-1, FKB-6 and AHSA-1, all of which had been shown to interact
with HSP-90 in the absence of client proteins and to modulate GR activity in the vertebrate or
yeast systems, were purified (46,64,67,99,101). Addition of STI-1 strongly reduces binding of
the GRLBDm to the HSP-90 protein, while AHSA-1 binds in addition, but does not affect the
affinity for GRLBDm (Figure 4.2A).

Normalized dF/dt
Normalized dF/dt

s2o.w(s)

Figure 4.2 A) Influence of AHSA-1, STI-1 and FKB-6 cofactors on the formation of
*GRLBDmM-HSP-90 complexes analyzed by sedimentation velocity AUC. B) The same
experimental setup with AHSA-1, STI-1 and FKB-6 was performed in the presence of ATPyS to

initiate the closing reaction of HSP-90.

Interestingly, the addition of FKB-6 leads to a marked increase in affinity and to formation of
HSP-90-GRLBDmM-FKB-6 ternary complex (Figure 4.2A). Thus, the large PPlase FKB-6, like the
phosphatase PPH-5, is apparently capable of strengthening the interaction between GRLBDm
and the HSP-90 dimer. We then tested whether these cofactors’ interactions are also sensitive

to the nucleotide bound state of the HSP-90 protein, by adding ATPyS to the cofactor
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containing GRLBDm-HSP-90 complexes (Figure 4.2B). This leads to a further diminishing of the
complex peak in the case of AHSA-1 and continued depletion in the case of STI-1. In contrast,
the FKB-6 containing complex is still intensely formed and its sedimentation coefficient is
increased from 6.9 to 7.3 S. This implies that, in the presence of FKB-6, as in the presence of

PPH-5, nematode HSP-90 is able to perform its nucleotide-induced rearrangements.

Hsp90 proteins from the human and C.elegans system do not readily respond to nucleotides

inducing the closing reaction, as it has been observed for the yeast protein

Having observed the ability of the nematode Hsp90 protein to perform its closing reaction in
the presence of the cochaperone PPH-5 or FKB-6 but not when in binary complexes with the
GR client, a question that arised was if this is also the case for the isolated chaperone protein.
To answer this the human, nematode and yeast Hsp90 proteins were subjected to AUC
coupled to interference optics in the presence of nucleotides. The shift reported in previous
research for the yeast chaperone was readily observable when Hsp82 was bound to either
AMPPNP or ATPyS, hinting at a more compact chaperone conformation (Figure 4.3 C)(215).
This behavior was not observed under the same conditions for the nematode or human

protein (Figure 4.3 A, B).
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Figure 4.3. Sedimentation velocity AUC coupled to interference optics shows that the shift in
s-value readily observable for the isolated yeast Hsp90, Hsp82, in the presence of nucleotides
that induce the closing reaction (AMPPNP and ATPyS) is not observable under the same

conditions for the C.elegans or human chaperone proteins.
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Figure 4.4 Pair distance distributions obtained by SAXS measurements of nematode HSP-90

in the absence and presence of ATPyS.

Examining the closing reaction of nematode HSP-90 protein by small angle X-ray scattering in
the presence and absence of ATPyS, shows only a slight shift of the distribution hinting to

higher population of more compact HSP-90.

Cep23/DAF-41 binds to closed GRLBDm-HSP-90-FKB-6/PPH-5 complexes with no influence
on the affinity for the client.

Given that PPH-5 and FKB-6 support GR complex formation, we aimed at testing how the
cofactor Cep23/DAF-41 influences the affinity of the Hsp90 machinery for GRLBDm. The
interaction of the Hsp90 machinery with p23 critically depends on nucleotide binding to Hsp90
and the closed conformation of the chaperone (61,216-219). This interaction reflects a late
step during the maturation cycle of GR, at the point where the active hormone binding site is

formed (220).

AUC experiments were performed to evaluate the effect of DAF-41 in the presence of ATPyS.
The ternary GRLBDm HSP-90-DAF-41 complex displayed a reduced affinity for the client
compared to HSP-90 alone, as judged from the free GRLBDm fraction (Figure 4.5 A, B). Binding

of GRLBDm to HSP-90-PPH-5 decreased in the presence of ATPyS. The addition of Cep23/DAF-
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41 did not change this affinity, as almost the same amount of GRLBDm molecules were
retained in the chaperone complex. Cep23/DAF-41 binding to the complex can nevertheless
be seen from the significant increase in the complex’s sedimentation coefficient towards 8.3

S (Fig. 4.5 A). This was also tested for the PPlase FKB-6 (Fig. 4.5 B).
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Figure 4.5 Cep23/DAF-41 can be included in *GRLBDm-HSP-90-PPH-5/FKB-6 complexes. (A)
Sedimentation velocity AUC analysis of *GRLBDm, *GRLBDm -HSP-90, *GRLBDm-HSP-
90/ATPyS, *GRLBDm-HSP-90/ATPyS:DAF-41, *GRLBDm-HSP-90-PPH-5, *GRLBDm-HSP-
90/ATPyS-PPH-5, *GRLBDmM-HSP-90/ATPyS-PPH-5-DAF-41 complexes. (B) The same
experimental set-up performed accordingly for *GRLBDm-HSP-90 complexes in the presence

of FKB-6 and/or Cep23/DAF-41 as described in the plot. In both cases addition of Cep23/DAF-
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41 leads to an increase in the average sedimentation coefficient of the complex forming

species. C,D

Here, as well, DAF-41 bound in addition, while maintaining the affinity for GRLBDm. It
therefore seems that Cep23/DAF-41 has a similar effect on both TPR-cofactor complexes, not
influencing the affinity for the client further than the TPR cofactor itself, while interacting with
the closed HSP-90 conformation. Titration experiments, supplementing GR-HSP-90 with
increasing TPR cofactor concentrations in the presence and absence of ATPyS, indicate that
the observed cooperativity in complex formation is stronger for open HSP-90 complexes with
PPH-5 (Figure 4.5 C). FKB-6 slightly favors a more compact chaperone but the same amount

of GR molecules is included in the complex at saturating FKB-6 concentrations (Figure 4.5 D).
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Insight into ternary complex topology

To determine a representative topology of the ternary GRLBDm-HSP-90 complexes with PPH-
5 and FKB-6, binding interfaces were examined by chemical crosslinking and mass
spectrometry. The protein complexes were treated with the isotopically labelled crosslinker
Hi2/D12-BS? and analysed by SDS-PAGE. The complex-representing bands (Fig. 4.6) were

subjected to tryptic digestion, followed by high resolution mass spectrometry.

+ - - -+ - - + +GRLBDm
+ - - - 4+ - s+ -PPHS
« % o m omowow s wdFKBAG
kDa - - - + i i i i + HSP-90

Figure 4.6 Crosslinked protein complexes with composition as indicated in the figure were
analysed by SDS-PAGE. Binary or ternary complex representing bands, as highlighted by the

frame, were excised and analysed by mass spectrometry

The analysis, carried out independently by the in-house software xMASS and pLink, aimed at
detecting inter-protein crosslinked peptides, reporting on potential contact sites of the
proteins (188,207).This data suggests that GRLBDm is positioned in the middle (M) domain of
HSP-90, as we identified peptides of GRLBDm crosslinked to the lysines 326, 329 of HSP-90
(Tables 4.1, 4.2). Additional contacts were detected, linking GRLBDm to the C-terminal
dimerization domain (CTD) at positions 551,555 and 601. These crosslinking sites were

identified in both the PPH-5 (Table 4.1) and FKB-6 complexes (Table 4.2).
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Table 4.1. Inter-protein crosslinked peptides detected for GRLBDm-HSP-90-PPH-5 complexes.
Shown are the crosslinked products detected by mass spectrometry for GRLBDm-HSP-90-PPH-
5 complexes, using two different search algorithms, xMASS and pLink. Amino acid positions
refer to full length, non-tagged proteins as numbered in the Uniprot database. Scan number
refers to the MS2 scan with the most hits for the specified peptide. Shown are also the number

of hits for this scan, the per cent spectral intensity as well as the agreement between xMASS

and pLink.
Peptide 1 Peptide 2 Lys Lys MS2  Hit Hit % Independent
1 2 scan  number spectral  analysis
in scan  intensity
Peptide HSP-90 Peptide GR-LBD
APFDLFEMNKEK ELGKALAK 326 B99 24,061 30 99 4
DESTMGYRALLKEK QWAL AR Bl 576 22,378 B84 92 s
APFDLFEMKK MATYIKELGK 326 895 27214 B4 88 4
SKMSIK MTYIKEL GK 329 B95 10548 29 99 s
WEKNWGWSMER WWAKAIPGFR. 555 579 20,877 28 96 s
DILEKK WWAKAIPGFR. 551 579 25527 18 99 4
Peptide HSP-90 Peptide PPH-5
DRWVEVDKMNDEK LHkK 624 205 5506 26 95
MIKLGLDIGDDEIEDSAVPSSCTAEAK . QRFEAMISTDHDKK bo3 147 25861 73 99
WVEVDKMDETWEK FEAAISTDHDKKTWVAETLDIMNAMAIEDSYDGPR 624 158 32,007 36 99
Peptide GR-LBD Peptide PPH-5
QIASVENAK hAYGFEGEVIAK 576 319 22,754 42 85
WAKAIPGFR MYGFEGEVKAK 579 319 25375 64 99
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Table 4.2. Inter-protein crosslinked peptides detected for GRLBDm-HSP-90-FKB-6 complexes.

Peptide 1 Peptide 2 Lys Lys MSs2 Hit numberin  Hit % spectral Independent
1 2 scan scan intensity analysis

Peptide HSP-90 Peptide GR-LBD

APFDLFENKE ELGRALAK 326 699 24,087 38 83 v

DESTMGY ALK QW ABENVRK 601 576 22,389 92 74 v

APFDLFENKE MATYIKELGK 326 89S 27231 89 91 '

SKMSIK MATYIKELGK 329 /95 13,803 7T 18] '

WEKNVGWSMER WWAKAIPGFR. 555 579 20,880 31 55 '

DILEKE WWAKAIPGFR 551 579 25458 18 44 I's

Peptide HSP-90 Peptide FKB-6

MKEMQIQIYYITGESK  VPADWEMTAEERLDAAKQAK 455 250 23,025 30 82

KCMELIDEVAEDKDMNFK | MSGEKIDITPREK 402 11 20677 23 86 '

DMFKE KR 406 278 25623 18 98

PPH-5 contains a TPR domain located at its N-terminus and a C-terminal aJ subdomain
(188,221). Based on the identified crosslinking sites from the ternary GRLBDm-HSP-90-PPH-5
complex, the phosphatase appears bound to HSP-90 in a similar arrangement, as previously
reported for the binary HSP-90-PPH-5 assembly (188). PPH-5 apparently adopts a head-to-tail
topology relative to the chaperone, bringing the N-terminal TPR motifs towards the C-
terminus of HSP-90. Crosslinking sites can be identified in the M and CTD domains of HSP-90
(Fig. 4.7 A, Table 4.1). Importantly, crosslinked products between PPH-5 and GRLBDm can also
be found, hinting at an interaction on the chaperone scaffold that possibly sets the basis for
the observed cooperativity during complex formation. Lysines 576 and 579 of GRLBDm are
linked to lysine 319 that resides in the catalytic domain of the phosphatase. Performing a
similar study with the cofactor FKB-6, crosslinking sites can be identified that help position the
cofactor relative to GRLBDm and HSP-90. FKB-6 contains two peptidyl prolyl isomerase (FKBP)
domains (FK1, FK2) and a C-terminal tetratricopeptide repeat (TPR) region (Fig. 4.8 A). We
identified contacts between the chaperone and FK1 and TPR domains of FKB-6, as summarized
in Table 4.2. The identified crosslinked product that pairs lysine 11 of FKB-6 and lysine 402 of
HSP-90, indicates a contact between the FK1 domain of FKB-6 and HSP-90’s M domain (Fig.
3C). It has been defined that the TPR cofactors interact with the Hsp90 machinery via its C
terminal MEEVD motif which, lacking lysine residues, cannot be observed as a crosslinking
product (52,54). We then aimed at confirming the relevance of the FKBP domains to complex

formation based on biochemical experiments.
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Figure 4.7 (A) Schematic representation of the inter-protein crosslinked products detected
between HSP-90, GRLBDm and PPH-5. Lines represent the contacts between the two proteins
and the chaperone whereas asterisks represent the crosslinked products detected between
PPH-5 and GRLBDm. (B) Schematic representation of the inter-protein crosslinked products

detected between HSP-90, GRLBDm and FKB-6.

Domain specific binding of FKB6 to GR-HSP-90

To this end FKB-6 variants that contain the TPR and either the FK1 (FK1-FKB-6) or the FK2
domain (FK2-FKB-6) were generated. Sedimentation velocity AUC experiments with FKB-6
truncated constructs revealed that deletion of the FK1 domain maintains robust binding to
GRLBDmM-HSP-90 whereas, upon removal of FK2, the ternary complex formation, occurs with
sharply reduced affinity (Fig. 4.8 B). Thus, both FK domains apparently contribute to the
interaction, with the FK2 domain having a stronger influence on the cooperative complex

formation.
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Figure 4.8: A) Schematic representation of the full length and truncated FKB-6 variants. B)
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Domain specific binding of FKB-6 and FKB-6 deletion constructs to GR-LBDm-HSP-90

analysed by sedimentation velocity AUC.
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Representative topology for the trimeric complexes

When a distance restraint, like the ones derived from chemical crosslinking coupled to mass
spectrometry, is imposed on a protein complex, the accessible interaction space reduces
(212,213). This space further reduces when multiple restraints are enforced, as it can be
observed from the decreasing number of possible complexes each time a crosslink-derived
restraint is imposed between GRLBD and HSP-90 (Table 4.3). The DisVis algorithm was
developed by Bonvin and coworkers to inform the user on the sum of complexes compliant
with a given number of restraints, accompanied by a density that shows the maximum number
of consistent restraints at every position in space (212) (213). This output is an indication of
whether all data is consistent and can be combined without violations, allowing the
identification of false positives and the visualization of the interaction space (212,213). The
interaction space between GRLBD and HSP-90 upon imposing each of the 7 restraints is
visualized in Figure 4.10, showing GR’s center of mass positioned on the HSP-90 MD. Table 4.4
supports that there are no false-positives within the set, since all 7 restraints derived from
crosslinking-MS for GRLBD-HSP-90 can be enforced at the same time while the violation

percentage is near zero once all of them are introduced.

Table 4.3. Table shows the number of accessible GR-HSP-90 complexes consistent with at least
N distance restraints after each restraint is imposed. Upon imposing 7 distance restraints on
GR-HSP-90, there are still binding options possible, showing that this data does not enclose

severe violations.

Number of consistent Number of accessible complexes Fraction of accessible complexes
restraints consistent with at least N restraints consistent with at least N restraints
0 103640079 1.000000
1 3277242 0.031621
2 1779790 0.017173
3 830283 0.008011
4 53149 0.000513
5 9120 0.000088
6 2272 0.000022
7 503 0.000005
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Table 4.4 Each row represents the number of consistent restraints whereas column represents

how often that restrain is violated.

Resl Res2 Res3 Res4 Res5 Res6 Res7

1 0.7225 0.7793 0.8883 0.7293 0.8787 0.6024 0.5832
2 0.6153 0.6089 0.9160 0.6037 0.7922 0.4973 0.4636
3 0.6671 0.3552 0.9161 0.6656 0.6418 0.3463 0.3296
4 0.4394 0.5467 0.1538 0.4389 0.1987 0.5238 0.4747
5 0.6541 0.0782 0.2373 0.6286 0.0156 0.0811 0.0007
6 0.2468 0.0129 0.3026 0.1428 0.0000 0.0735 0.0000
7 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

A. C.

D. F

Figure 4.10. Crosslinking-MS-derived spatial restraints position GR center of mass on HSP-

90 MD. Disvis output density representing the center of mass of GRLBD (grey, scanning chain)

consistent with N restraints at every position in space. The interaction space between the

proteins is markedly reduced after imposing each restraint.

70



All identified interprotein crosslinks were filtered with DisVis for false-positive hits prior to
molecular docking and validated pairs were then used as distance restraints, set between 0
and 30A (CB — CB), to direct docking calculations with HADDOCK and generate model
structures of the chaperone assemblies (222,223). A graphic overview of the strategy followed

in order to obtain the structural models is presented in Figure 4.9.
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Figure 4.9 Schematic workflow followed to generate complex topologies. Chemically
crosslinked protein complexes were analysed by SDS-PAGE and the bands of interest were
excised, tryptically digested and subjected to mass spectrometry. Data analysis was
performed with xMass and validated with DisVis. The validated restraints were imposed on
molecular docking calculations with HADDOCK, utilizing the crystal structure SNFP for GRLBD
and homology models constructed for the HSP-90 and cochaperone proteins. Figure was

generated with Biorender.
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The representative topologies generated according to this method are depicted in Figure

4.11.
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Figure 4.11. Structural representation of HSP-90 complexes, generated by crosslink guided
molecular docking. (A) Structural representation of the binary GR-LBDm-HSP-90 complex.
HSP-90 is shown in blue, GRLBD in green and spheres represent the crosslinked lysine residues.
(B) Structural representation of the trimeric GRLBD-HSP-90-PPH-5 complex. HSP-90 is shown
in blue, GRLBD in green and PPH-5 in cyan. (C) Structural representation of the trimeric

GRLBD-HSP-90-FKB-6 complex. HSP-90 is shown in blue, GRLBD in green and FKB-6 in red.

72



Rates of hormone-binding to GR-LBDm are modulated by the Hsp90-state.

Although Hsp90 is required for hormone binding in vivo, it is known that GRLBD is capable of
ligand binding in vitro in the absence of Hsp90 (44,105). It is unclear how the Hsp90 system
primes GR for ligand binding, while cofactor-induced effects have been observed (224). We
therefore tested to what extent the observed complexes are competent in hormone binding.
A fluorescein-labelled variant of dexamethasone (F-DEX) was used to monitor the kinetic of
hormone binding to GRLBDm by fluorescence polarization. We recorded the binding kinetics
first in the absence and presence of HSP-90 and then supplemented with ATP, ATPyS,
ATPyS/DAF-41. In these reactions ATP presence is crucial to accelerate hormone binding, as

any other state of HSP-90 retains binding close to control levels (Fig. 4.12 A).
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Figure 4.12 Hormone binding to GRLBDm is modulated by HSP-90/ATP. (A) Association kinetics
of F-DEX to GRLBDm (grey) in the presence of C.elegans HSP-90 and nucleotides as indicated
in the plot. (B) Sedimentation velocity analysis of F-DEX bound to GRLBDm in the presence of

C.elegans HSP-90 and nucleotides as indicated in the plot.
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The combination of HSP-90, Cep23/DAF-41 and ATP (Supplementary Fig. S2) seems to
stimulate hormone binding to the same extent as HSP-90 and ATP alone, leaving uncertain
whether an interaction with Cep23/DAF-41 has taken place, as this interaction is known to be
better stabilized by ATPyS and not so much by ATP (219).By employing F-DEX in analytical
ultracentrifugation measurements, only the F-DEX-bound complexes can be observed,
allowing us to confirm the formation of protein complexes from an independent approach. F-
DEX alone does not sediment in these experiments, but F-DEX bound to GRLBDm is readily
observable at 2.8 S. Complex formation with chaperones then leads to the detection of larger
species based on the bound fluorescent hormone. Judging from the reduction in the amount
of monomeric F-DEX-bound receptor, the HSP-90 complex with hormone-bound GRLBDm is
formed most efficiently, if ATP is also present (Fig. 4.12 B). This implies that the rate increase
may correlate with the formation of this complex. Testing the influence of the TPR-cofactors
PPH-5 and FKB-6 on the hormone binding to GRLBDm, a further modulation of the binding
rates compared to GRLBDm-HSP-90-ATP (Fig. 4.13 A, Figure 4.17) was observed.
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Figure 4.13 Hormone binding to GRLBDm is modulated by HSP-90, ATP and TPR-cofactors (A)
Influence of TPR-cofactors on the hormone-binding rates of GRLBDm as determined from
fluorescence polarization kinetics. All samples contained HSP-90 and ATP plus the indicated
cofactors. Statistical significance was assessed by a two-sample t-test and a level of

significance of 0.05. Error bars represent the standard deviation of three independent
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measurements (n = 3). B) Sedimentation velocity analysis of F-DEX bound to GRLBDm in the

presence of C. elegans HSP-90/ATP and cofactors as indicated in the plot.

The rate of hormone binding is slightly reduced but remains accelerated compared to control
reactions. To get clarity on the complex formation, theses assemblies were further
investigated by AUC experiments with F-DEX. C. elegans hormone-binding competent ternary
complexes with the cofactors were formed as efficiently as with HSP-90/ATP in the case of
FKB-6 and slightly more efficiently with PPH-5, as judged from the reduction of monomeric
F-DEX-bound receptor at 2.7 S (Fig. 4.13 B). Based on this data, ATP-binding to HSP-90 seems
to accelerate the binding of hormone to GRLBDm and slighter modifications to this rate are
observable, when cofactors enter the complex (Fig. 4.17). Given that residual hormone might
be present in the binding pocket, it cannot be excluded that the observed rates represent
exchange kinetics and not binding rates. Nevertheless, such acceleration shows that

nematode HSP-90 has the ability to influence the hormone binding properties of GRLBDm.
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4.2 Hsp90p’s conformation is more restricted in the human Hsp90 system.

We then aimed at understanding, to what extent the main principles are also conserved in the
human system. The complexes assembled from the nematode proteins in this study
correspond to those identified for the human system in the 1990s, but only limited in vitro
data on the GR-complexes are available to date. To compare the two systems, the
corresponding human proteins were purified and the experiments described for the
nematode system were repeated. The human system is known to behave differently from the
nematode HSP-90 regarding its ATP-turnover and conformational flexibility (225,226).
GRLBDm forms protein complexes with the protein phosphatase Pp5 and Hsp90p (Fig. 4.14
A). In contrast to the nematode system, no ATPyS induced changes in the human
GRLBDmM-Hsp90B-Pp5 complex are observable and also no changes in syow are observed for
the binary GRLBDm-Hsp90p complex after ATPyS addition. Only upon binding of p23 is a strong
increase in so,w observed and the closed form is obviously stabilized (Fig. 4.14 A). Interestingly,
we find a cooperative action of ATPyS, p23 and Pp5, which leads to a strong increase in affinity
and binding of almost all GRLBDm to the complex. It here seems that a closed Hsp90 complex
with the phosphatase Pp5 is very favorable, but only achievable if p23 stabilizes the closed
conformation (Fig. 4.14 A). We then tested both human PPlase homologs, Fkbp51 (Fig. 4.14
B) and Fkbp52 (Fig. 4.14 C). Both PPlases support GR-binding to the chaperone complex, albeit
the cooperative effect is reduced compared to the nematode system. In contrast to the
nematode FKB-6 complexes, the response of GRLBDmM-Hsp90p-Fkbp51/52 complexes to ATPyS
is not observable. The presence of ATPyS, however, slightly decreases the affinity for the
client. As in the complexes with Pp5, binding of p23 eventually leads to the compaction of the
PPlase-containing protein complex (Fig. 4.14 B, C), indicating that ATPyS may not be sufficient
to initiate the closing reaction in the human system. The same experiment was performed
with the ligand binding domain of the MR labelled with ATTO448 (Supplementary Figure 3).
Here, the same requirement for p23 was observed so that the trimeric
MRLBD-Hsp90B-Fkbp51/52 complex can adopt a more compact state. ATPyS or ATPyS/p23 did
not affect the affinity under these conditions but MR showed a pronounced higher affinity for

Fkbp51 compared to Fkbp52.
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Figure 4.14. Hsp90B’s conformation is more restricted in the human Hsp90 system. (A)
Sedimentation velocity AUC analysis of *GRLBDm, *GRLBDmM-Hsp90pB,
*GRLBDmM-Hsp90B/ATPYS, *GRLBDmM-Hsp90B/ATPYS-p23, *GRLBDmM-Hsp90p-Pp5,
*GRLBDm-Hsp90B/ATPYS-Pp5, *GRLBDm-Hsp90B/ATPYS-Pp5-p23 complexes. (B)
Sedimentation velocity analysis of *GRLBDm-Hsp90B complexes with Fkbp51 and/or p23 set-

up accordingly. (C) Sedimentation velocity analysis of *GRLBDm-Hsp90B complexes with

Fkbp52 and/or p23 set-up accordingly.

This data shows that the nematode and human chaperone systems share a conserved
interaction pattern with the TPR-cofactors involved in the processing of steroid receptors. The
human Hsp90B however, shows a reduced ability to form the closed state under the examined
conditions and seems to strictly require the cofactor p23 to perform this conformational
change. Similar patterns between the two systems can also be observed for the interaction

with the hormone. As in the nematode system, only Hsp90B/ATP can accelerate the binding
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rate beyond control levels (Fig. 4.15 A). AUC data show that F-DEX-bound protein complexes
are formed more efficiently with ATP and also the more compacted ATPyS/p23-bound states
of Hsp90p (Fig. 4.15 B). Regarding the influence of human TPR-cofactors, only the hormone-
bound quaternary complexes with ATPyS/p23 and either Fkbp51 or Fkbp52 form as efficiently
or stronger than the binary GRLBDm-Hsp90B/ATP complex, judging from the reduced F-DEX-
bound GRLBDm at 2.8 S (Fig. 4.16 B). Thus, like in the nematode system, ATP binding to Hsp90p
appears to accelerate the exchange of hormone in GRLBDm and further modifications to the

exchange kinetics are observable, when TPR-cofactors enter the complex (Figure. 4.16, 4.17).
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Figure 4.15. Association kinetics of F-DEX to GRLBDm in the presence of human Hsp90f and
nucleotides as indicated in the plot. (E) Sedimentation velocity analysis of F-DEX association

to GRLBDm in the presence of human Hsp90f and nucleotides as indicated in the plot.
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Figure 4.16 A) Association kinetics of F-DEX to GRLBDm in the presence of human Hsp90B/ATP
and cofactors as indicated in the plot. B) Sedimentation velocity analysis of F-DEX association

to GRLBDm in the presence of human Hsp90B/ATP and cofactors as indicated in the plot.
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Figure 4.17 Influence of TPR-cofactors on the hormone-binding rates of GRLBDm as
determined from fluorescence polarization kinetics. All samples contained HSP-90 and ATP
plus the indicated cofactors. Statistical significance was assessed by a two-sample t-test and a

level of significance of 0.05. Error bars represent the standard deviation of three independent

measurements (n = 3).

79



4.3 PPH-5 mutants suppressing separase

The separase suppressing mutants P375Q and tm2979 (tm 2979 was purified by Vera Wanka)
of the PPH-5 protein were purified and their folding status was assessed by CD spectrometry.
All three proteins are folded, and the point mutant P375Q is exhibiting a highly similar
secondary structure content to the WT PPH-5. The tm2979 that lacks 55 aa in the TPR region,
is expected to lack secondary elements as observed in its spectrum but is nevertheless folded

(Figure 4.18).
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Figure 4.18. CD spectra of PPH-5 WT, P375Q and tm2979 normalized for mean residue molar
ellipticity.

Since GR complexes with PPH-5 and HSP-90 form cooperatively, the two PPH-5 mutants were
tested by analytical ultracentrifugation in their ability to support GR-HSP-90 complex
formation. PPH-5tm2979 could not bind to the GR chaperone complex, whereas PPH-5 Q375E
did not facilitate complex formation as observed for WT PPH-5, judging by the fraction of
monomeric GR at 2.7 S that remains unchanged when PPH-5 Q375Q is present (Figure 4.19
B). The titration data are plotted together in Figure 4.19 C, which shows the difference
between PPH-5 WT and Q375E in facilitating GR-HSP-90 complex formation.
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Figure 4.19 Sedimentation velocity AUC titrations to follow cooperative complex formation
between GRm-HSP-90 and separase suppresing PPH-5 mutants tm2979 and P375Q. B)
Titration experiments replotted for the GR fraction that is bound by quantifying the peak of

monomeric GR at 2.8 S.

By mapping position 375 and also the other identified separase mutations in the structure
generated for the trimeric GR-HSP-90-PPH-5 complex by crosslink-guided molecular docking,
it is apparent that this mutation is within the PPH-5 HSP-90 interface (Figure 4.20). Moreover
this position is in very close proximity to residues identified in crosslinked products with
GRLBD, a contact site from which, the observed cooperativity in complex formation may

originate. Moreover, the HSP-90 separase mutant, M661K, resides at the interface between
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HSP-90 and the TPR domain of the phosphatase. The other separase mutations concern also
the PPH-5 HSP-90 binding interace, are proximal to the catalytic site of the phosphatase or in
the interdomain region. It therefore seems, that separase supressing mutations on PPH-5 and
HSP-90 are relevant to the interaction between the two proteins and even though this
pathway is not described, it is likely that separase is at some level regulated by an Hsp90-PPH-

5 assembly.

Figure 4.20. Separase suppresing mutations of PPH-5 mapped on the crosslink-guided model
generated for trimeric GRLBD-HSP-90-PPH5. Orange surface show crosslinked products
identified in the previous section, red sticks show the separase supressing mutations on PPH-

5 while M661K mutation on HSP-90 C-terminus is shown in blue.

Introduction of these mutations in PPH-5 will help, along with in vivo investigations and

purifying separase , understand from where the seperase suppresing effect originates.

Mutagenesis was performed in silico using the homology model that was generated for PPH-
5 and HSP-90 to predict the total energy each point mutation would cost to the protein and
select candidates for recombinant protein expression (Table 4.4). Point mutation E76A that

was reported to enhance PPH-5 function was also included .
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Table 4.4. FoldX total energy readout upon each point mutation using homology models of
PPH-5 and HSP-90.

Mutation Total Energy Mutation Total Energy
132N 1.30134 R300C 2.91288
Y52N 0.522996 N309K 0.617836
G66E -2.09618 M311R 1.84407
E76A 0.193242 Y322l 3.14326
L77P 6.93067 H351R 9.49498
A105F 18.4384 P375Q 1.65629
M211K 4.87787 ca14y 6.37089
H243R 1.61504 H426Q 1.10568
G244E 29.9024 ca41y 4.12925
D270A -2.12336 Open HSP-90 1.73962
D270N -1.8615 Closed HSP-90 0.874285

4.4 FRET system to follow the conformational cycle of nematode HSP-90

The Hsp90 chaperone processes client proteins while undergoing an ATP hydrolysis cycle with
distinct open and closed intermediate states. Structural analyses have provided insight to
these intermediates while a FRET system has previously been developed for the yeast Hsp90
protein (61,62) This way, the authors dissected the ATPase cycle kinetically and found out that
conformational transitions are orders of magnitude slower than ATP hydrolysis and are,
therefore, the limiting events during the Hsp90 cycle (62). Also, the effect of cochaperones in

modulating the conformational cycle can be monitored with this approach.

Nematode HSP-90 harbors 8 cysteine residues which makes the design of a FRET construct
with the appropriate labeling challenging, compared to the yeast chaperone that does not
harbor cysteine residues. To create a FRET system that specifically addresses the N-domain
kinetics, the engineered cysteine would need to be selectively labelled but this would be
challenging with 8 other cysteines present. Based on multi-species sequence alignments,
these residues were mutated to the most conserved in the other species residue in this
position (plasmid vector designed by Klaus Richter). E63 was also mutated to a cysteine as, in
analogy with the yeast chaperone, this position is surface exposed and not likely to be directly

involved in Hsp90 function (62).
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The exact changes in the nematode Hsp90 sequence can be seen in Figure 4.21.
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Figure 4.21 Sequence alignment for HSP-90 construct C63 and WT HSP-90. Cysteine residues

are shown in black.

The C63 construct was purified from E.coli and yielded a folded (Figure 4.22 A) and functional
in client and cochaperone binding (Figure 4.22 D) Hsp90 protein with substantially reduced
thermal stability (Figure 4.22 B, C ). Each cysteine mutation was also generated in silico with
the FoldX algorithm to examine the energy penalty they cost to the protein (Table 4.5). It
became apparent that C499V required a higher energy penalty compared to the other
mutations (with the exception of the engineered cysteine at position 63 that is slightly
destabilizing) that seem to be energetically favorable. This residue was then mutated to
alanine and apparently, this position has a very pronounced effect on protein stability, since
the alanine construct was thermally as stable or much more stable than WT as determined by

TSA and CD thermal transitions respectively.
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Table 4.5. Total energy reported by FoldX software upon mutation of each cystein to the

appropriate amino acid to construct HSP-90 C63.

Mutation Total
Energy

NBD E63C +0.66
C345A -0.15

C391A -0.22

MD C492T -0.26
C499V +1.21

C542T -0.36

CTD C682T -0.38

Purified HSP-90 C63 with an alanine at position 499 was labelled with ATTO 488 (donor) and
with ATTO 550 (acceptor) dyes under identical conditions to test whether a FRET signal
develops upon mixing the differentially labelled construct. Indeed, upon mixing a marked
decrease in fluorescence intensity was observed in the donor channel accompanied by an
increase in the acceptor channel, consistent with the formation of heterodimers harboring the

FRET pair.

Next, cofactors and ATPyS were added to see whether structural changes could be detected
as changes in the FRET signal. As shown with sedimentation velocity AUC, ATPyS does not
suffice to induce the closing reaction in the nematode system, as it does with the yeast
chaperone, so a mixture of FKB-6,p23 and ATPyS was added to the mixed HSP-90 C63 to induce
the closing reaction of the chaperone. Indeed, upon addition of this mixture, a further
modulation can be observed: the donor channel fluorescence increases while the acceptor
channel fluorescence further decreases (Figure 4.23). Part of the conformational changes here
seem to have already occured until mixing is achieved, so rapid mixing by stopped flow
instrumentation would be needed for thoroughly performing this analysis. This could not be
achieved within the timeline of the present thesis but the data presented here show that this

may be a promising FRET construct for future investigations.

85



04
1.04 °gge
-2000 3 % .: LR i
= [ c63 .
& 0.8 . . .
v 4000 + WT oo00e?® o®
g 1 C63 V499A 3 B . %
-6000 L °
td ° 0.6+ o . .
~N -
g -8000 - H = Cisiay wr o® vasea
. 4 c 04 .
10000 5 . o
= ° . .
-12000 4 9 X .
E & 0.2 ° . o °
= -14000 ., . o,
=) LM > .
-16000 - 00{880%¢20000000000000
200 210 220 23 240 250 260 Y i 5
20 30 40 50 60
Wavelength [nm] Temperature (°C)
C. D.
25
+ GRLBD +HSP-90 C63
+  GRLBD +HSP-80 C63 +FKB6
2 o + GRLBD +HSP-90 C63 +PPHS

« GRLBD +HSP-90 C63 +FKBE +p23 +ATPS

-
o
1
>
.
~

fraction unfolded
Normalized dF/dt

T r
10 20 30 40 S0 60 70 8 90
Temperature (°C)

Figure 4.22. HSP-90 C63 and V499A are folded and stable proteins retaining client and
cochaperone binding. Biophysical characterization of HSP-90 C63 and V499A by A) CD
spectroscopy B) thermal shift assays C) CD thermal transitions and D) sedimentation velocity

AUC in the presence of GR client and nematode cofactor proteins.
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Figure 4.23. A) Kinetics developed upon mixing of HSP-90 C63V499A differentially labelled
with the FRET pair ATTO488 (acceptor channel) and ATTO 550(donor channel) B) p23/ATPyS-

induced conformational changes can be observed.
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4.5 GRm L773P: A glucocorticoid resistance conferring mutation in the C-terminus of the
glucocorticoid receptor

Point mutation L773P does not have overt effects on GRm.

Given that the wild type GR protein is rather unstable, the GRm variant, which is stabilized by
mutagenesis and has previously been used to shed light on the GR-Hsp90 interaction, was
employed (44,59,72,188,227). To study the influence of the point mutation the GRm construct
that contains the DBD, hinge region and LBD of GR was purified. Leucine 773 was mutated to
proline by site directed mutagenesis and both proteins, GRm and GRm L773P, were purified
from E.coli in the presence of the stabilizing ligand dexamethasone (DEX), according to GRm

purification that has been described previously (44).

The two GR variants were initially characterized to see whether there are pronounced
differences in the mutant receptor and its oligomerization behavior and structural stability.
Both receptor variants are monomeric and sediment with 2.8 S (Figure 1A), as deteremined
by analytical ultracentrifugation (AUC) coupled to absorbance detection. Far-UV circular
dichroism spectroscopy displayed a similar, high a-helical content for the two variants
(Figure 1C). Both variants are stable up to 45 °C and then start unfolding in a cooperative
transition, as determined by CD thermal transitions (Figure 1B). The GRm L773P melting
temperature was determined to be approximately 3°C lower than that of the GRm variants’.
Examination of the constructs by fluorescence spectroscopy shows that GRm exhibits a higher
intrinsic tryptohane fluorescence that is not accompanied by a shift of the peak (Figure
4.2.2D). GRLBD harbors 5 tryptophane residues, mapped on its structure with blue sticks
(Figure4.2.3). The difference in fluorescence intensity likely represents a more exposed Trp

residue in the mutant construct.
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Figure 4.25: A) Both GRm variants are monomeric in solution as determined by AUC coupled
to absorbance optics. B) CD thermal transitions show that GRm L773P has a T, 3°C lower than
GRm. C) CD spectra display similar a-helical content for the two GRm variants. D) Hormone

exchange kinetics show substantially reduced rate for GRmL773P exchange.

Figure 4.26. Tryptophane residues are mapped as blue sticks onto GRLBD structure (PDB

5NFP).
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GRm L773P exhibits reduced hormone binding that is restored by Hsp90B and altered
binding to a coactivator-derived peptide.

To further compare the two GRm variants, hormone-binding was followed by fluorescence
polarization, recording GRm binding to fluorescein-labeled dexamethasone (F-DEX). Under
these conditions, GRm L773P exhibited a 2.4-fold decrease in the apparent hormone-binding
rate that could also be reflecting the ligand exchange kinetics, since residual dexamethasone
is likely bound to extensively dialysed GR. Nevertheless, binding of F-DEX is taking place with
a significantly reduced rate for GR L773P (Figure 4.27). Following GR binding to F-DEX in the
presence of Hsp90pB and ATP shows that the chaperone can accelerate the reaction kinetics of
GRm L773P to an extent, even greater than for the leucine GRm variant (Figure 2A). This

implies that interaction properties between GRm and Hsp90 are modified by the mutation.
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Figure 4.27. Fluorescence polarization measurements shows that hormone binding to GRm
L773P takes place with significantly reduced speed while Hsp90B and ATP can accelerate the

reaction kinetics to an extent, even greater than for GRm.

Then the interaction with a nuclear receptor coactivator 2-derived (NCOA2) peptide (residues
740-753), which binds the AF-2 helix of GR via its LLxxLL motif was examined. For this assay,
the peptide was labelled with ATTO 488 and binding to GR could be observed by AUC coupled

to fluorescence detection. The unbound NCOA2 peptide, sediments with approximately 1 S
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and the complexes it is participating in, are observed at larger s-values. Both GRm variants
could bind to the peptide, as observed at 2.7 S, with the L773P mutant exhibiting a slightly less
efficient binding (Figure 4.28). However, when the chaperone Hsp90B is present, it is only
possible for GRm to bind to Hsp90B and the peptide simultaneously, in a complex sedimenting
with an syow of 7 S (Figure 4.28 B). In contrast, the L773P variant seems to only be bound to

Hsp90B and to not fulfill the conformational requirements to form such ternary

GR-NCOA2-Hsp90B complex (Figure 4.28).
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Figure 4.28. Sedimentation velocity AUC following binding of A) GR to a labelled NCOA2-

derived peptide. B) same experimental set-up in the presence of Hsp90B and ATP.

GRm L773P-binds with reduced affinity to Hsp90B and Hsp90p-containing GRmL773P
complexes are competent in hormone binding.

The two GRm constructs were examined by sedimentation velocity AUC coupled to
absorbance optics for their interaction with Hsp90B. Under these conditions, in 1:1
stoichiometry, GRm L773P barely binds the chaperone, unlike the GRm-Hsp90B complex that
readily forms and can be observed at 7 S (Figure 4.29 A).

Then F-DEX was employed in AUC coupled to fluorescence optics to assess the affinity of

hormone-bound GR:chaperone assemblies. Under these conditions, the fraction of
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monomeric GR that bound the ligand at 2.8 S was the same for both variants (Figure 4.29 B).
Further, both variants can bind to Hsp90p, as observed by the respective peaks at 6.5 S and in
both cases, ATP increases the hormone-bound GR-Hsp90 population (Figure 4.29 B). Judging
from the reduction of the monomeric GR peaks, observed at 2.8 S, GRmL773P-Hsp90p
complexes bound to hormone are represented by a lower population than for GR both in the
presence and absence of ATP. Nevertheless, presence of Hsp90p stimulates hormone binding
in both cases, compared to monomeric GR, and in both cases, when ATP is added nearly all

hormone-bound GR is in complex with Hsp90p.

F-DEX+GRm +Hspa0fi +ATP

08 F-DEX+GRm +Hsps0p
: GRm L773P +Hspo0p
% GRm +Hspgop

> o,

0.6

Normalized dF/dt

2 F-DEX+ GRm L773P +Hspg0p +ATP
F-DEX+ GRm L773P +HspS0p
F-DEX+ GRm
Y
P
)

Absorbance

Szow (5) Saow(S)

Figure 4.29. GRm L773P-binds with reduced affinity to Hsp90B and Hsp90B-containing
GRmL773P complexes are competent in hormone binding. A. Sedimentation velocity
absorbance AUC shows that GRmL773P hardly binds Hsp90 in a 1:1 ration, in contrast to GRm.
B) Sedimentation velocity AUC shows that GRmL773P-Hsp90B binds hormone to a lower
extent than GRm both in the absence and presence of ATP but both GR-Hsp90B assemblies

are competent in hormone-binding.

It has recently been reported that GR decelerates the Hsp90 conformational cycle and ATPase
activity decreases. Therefore, a regenerative ATPase assay was used to find out whether the
modulation of the ATPase rate is also observable with the GRm L773P variant. Interestingly,

GRm L773P suppresses the reaction rate even further than the GRm variant does (Figure 4.30).
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Based on these results, it is to be expected that the changes imposed by the single-point

mutation lead to altered interaction with the chaperone system.

-
=]

e
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L

ATPase activity relative to Hsp90p

g
o

T T
Hsp90R GRm L773P

Figure 4.30. ATPase activity of Hsp90 is significantly lower in the presence of point mutant
GRm L773P than in the presence of GRm. This plot shows the mean, relative to Hsp90p alone,
ATPase activities in the presence of GRm and GRmL773P from three independent

measurements with error bars representing the SD.

GRm L773P exhibits altered DNA binding properties

Having observed the differences in hormone and coactivator binding, the DNA binding
competency of the two constructs was examined. A 32bp GRE element from the fkbp5
promoter was chosen, utilizing the eykaryotic promoter database, and was used for AUC
experiments with absorbance optics. This experiment shows that both constructs are able to
bind to DNA, as shown by the peaks at ~4S, but the species observed for GRmL773P has a
slightly smaller s-value (Figure 4.31). This implies either a lower affinity for the DNA or a

different monomer: dimer ratio.

This was further examined with electrophoretic mobility assays (EMSA) under native
conditions. GR without DNA was not able to run in the gel under these conditions but once
DNA was added, the species formed could be separated by electrophoresis. It is clear from

this assay that only GRmL773P forms a species matching the size of monomeric GR in complex
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with the 32bp DNA (~50kDa), in addition to a species matching the size of dimeric GRm in
complex with DNA. This band is hardly observable for GRm, which at all concentrations tested,

formed a species that matches the size of dimeric GR+DNA (Figure 4.2.6).
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Figure 4.31. A) Sedimentation velocity AUC experiment showing that both GRmL773P (olive)
and GRm (navy) are competent in DNA binding and a slightly reduced s-value for
GRmL773P+DNA. B) EMSA assay under native conditions shows a high population of

monomeric GRmL773P bound to DNA that is hardly visible for GRm, which forms dimers in the

presence of DNA.
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L773P point mutation alters the dynamics of several GR elements in the presence of
dexamethasone

To understand the complex interaction patterns that seem influenced by the single-point
mutation, the two GRm variants were subjected to hydrogen/deuterium exchange coupled to
mass spectrometry (H/DX-MS) in the presence of dexamethasone. This analysis can reveal the
conformational consequences of this point mutation to GRm and point to the elements that

make this GRm variant glucocorticoid resistant.

High sequence coverage was obtained for both constructs (Figure 4.32) and by plotting the
H/DX fractional uptake, both proteins seem dynamic, highlighting the ligand-induced plasticity
of GR.

GRm
94.2% coverage across 132 peptides

GRmML773P
94.2% coverage across 134 peptides

420 470 520 570 620 870 720 750

Figure 4.32: Sequence coverage obtained in HD/X MS measurements for the GRm and

GRmL773P as visualized by Deuteros.
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Several GR elements exhibit altered dynamics in the mutant receptor (Figure 4.34 A). Wood’s
plots, constructed for different time points with the Deuteros software and using the hybrid
significance test. (p-value< 0.01), indicate that significant differences develop over time and
affect H3, H4/5, H9 and H10 of GR LBD. Especially the proximal to the mutation site B-sheet 2,
consisting of the strand located between H8 and H9 and the C-terminal strand following AF-2,
exhibits higher fractional uptake (deprotection) in the mutant protein. Importantly, the DBD

and hinge region of the receptor display altered dynamics (Figure 4.34 A, B-D)

672-685: LLSSVPKDGLKSQEL

Deuterium uptake (Da)

GRm L773P
~—®—GRm

T T T T T T T
0 20 40 60 80 100 120
Time (min)

Figure 4.33. Deuterium uptake of GR peptide 672-685, corresponding to B-sheet 2 of GRLBD.

To further illustrate the affected regions, the differential HDX data was projected on the LBD
of GR, utilizing the structure solved by Hemmerling et al (PDB 5NFP, Figure 4.34 D, E). It is
here, readily observable that the differences observed, concern the interfaces between these

neighboring GR elements and that the changes extend far beyond the mutation site.
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Figure 4.34. Comparison of GRm and GRm L773P in the presence of dexamethasone by
hydrogen-deuterium exchange coupled to MS. A. The hydrogen-deuterium exchange is
plotted for GRm and GRmL773P. Hormone binding residues are indicated with asterisks and
characteristic GRLBD elements are highlighted on the plot. Both proteins are highly flexible
and differences in their exchange rate can be observed for the various GR elements. B-D.
Wood’s plots based on two experiments, constructed with the Deuteros software for time

points of 30 and 120 min and using hybrid statistics (p-value <0.01). Significant differential
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signals concern the DBD/hinge, H3, H4/5, H9, H10 and B-sheet 2 of GR. E. The most significant
relative changes in fractional uptake are mapped on the GR LBD structure for 30 min (D) and

2h (E) of exchange and are color coded in blue (low exchange) to red (high exchange).

Hsp90 interaction with GRm followed by HDX-MS

This analysis was then repeated in the presence of human HspOB and ATP (Figure 4.35). This
experiment reveals the conformational consequences of Hsp90 interaction with GRm while
comparison to GRm L773P in the presence of Hsp90B and ATP can point to the elements that

follow different dynamics.

Wood'’s plots, constructed for different time points with the Deuteros software and using the
hybrid significance test (p-value< 0.01), indicate the GR elements that are significantly
affected by the chaperone interaction. This data is mapped on the GRLBD structure and helps
visualize that B-sheet 2, is significantly protected when GR is in complex with Hsp90B. H9, H10
andH4/5 experience a mutual deprotection upon interaction with the chaperone while
elements in H7, H5 and H3 exhibit lower fractional uptake (protection) around the ligand

binding pocket.

Mapping this data on the model constructed for GRLBD in complex with nematode HSP-90
shows that these regions overlap with the receptor-chaperone interface and the significant
deprotection in the upper part of the receptor and around the protected B-sheet 2, may

refelect the way the chaperone facilitates the access of ligand to the binding pocket.
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Figure 4.35. Comparison of GRm in the absence and in the presence of Hsp90f and ATP by
hydrogen-deuterium exchange coupled to MS reveals the conformational consequences of
chaperone binding to GRm. A) Fractional uptake plots of GRm in the absence (blue) and
presence (navy) of Hsp90B and ATP. Hormone binding residues are indicated with asterisks
and characteristic GRLBD elements are highlighted on the plot. B,C) Wood’s plots based on
two experiments, constructed with the Deuteros software for time points of 30 and 120 min
and using hybrid statistics (p-value< 0.01) show the significantly affected GR elements due to

chaperone interaction. D,E) Significant changes in fractional uptake are mapped on the GR
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LBD structure for 30 minutes (D) and 2h (E) and are color coded in blue (low exchange) to red

(high exchange).

B-sheet 2

Figure 4.36. Shown is the differential HD/X data (from Figure 34E) for GRm in the presence of
Hsp90B and ATP after 2h of exchange projected onto the GR-HSP-90 structure generated by

crosslink-guided molecular docking.
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Hsp90p interaction with GRm L773P followed by H/DX-MS

The same analysis was performed with GRm L773P in the absence and presence of Hsp90B
and ATP. This analysis shows the effect that Hsp90B has on the mutant receptor, which

displays an overall deprotection of the ligand binding pocket.

In contrast to GRm, the B-sheet 2, consisting of the strand located between H8 and H9 and
the C-terminal strand following AF-2, is significantly deprotected upon interaction with Hsp90
B (compared to the GRm analysis in Figure 4.35 that was protected). The AF-2 interface and
C-terminal peptide of GR harboring the mutation, show significant deprotection while no
significantly protected peptides were observed around the ligand binding pocket. On the
contrary, the elements from H7 and H11 that get protected upon interaction with Hsp90 B in
the case of GRm, here show a relative deprotection. The DBD and hinge regions of the mutant
receptor also experience a deprotection that was not observed in the GRm analysis

(Figure 4. 37).
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Figure 4.37. Comparison of GRm L773P in the absence and in the presence of Hsp90p and
ATP by hydrogen-deuterium exchange coupled to MS reveals the conformational
consequences of chaperone binding to GRm L773P glucocorticoid resistant mutant. A)
Fractional uptake plots of GRm L773P in the absence and presence of Hsp90B and ATP.
Hormone binding residues are indicated with asterisks and characteristic GRLBD elements are
highlighted on the plot. B,C) Wood’s plots based on two experiments, constructed with the

Deuteros software for time points of 30 and 120 min and using hybrid statistics (p-value<0.01)
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show the significantly affected GR elements due to chaperone interaction. D,E) Significant
changes in fractional uptake are mapped on the GR LBD structure for 30 minutes (D) and 2h

(E) and are color coded in blue (low exchange) to red (high exchange).
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Upon comparison of GRm and GRL773P by H/DX-MS and in line with the other biophysical
experiments, the DBD and hinge regions of the receptor exhibit altered properties (Figure
4.34) i.e GRm L773P’s DBD exhibits significantly lower fractional uptake (protection) in the
absence of chaperone The differential HD/X data for the two constructs in the presence of
Hsp90B and ATP was, therefore, projected onto the structure of dimeric GR DBD in complex
with an fkbp5-derived GRE (PDB ID 3G6R )to visualize the differences in the presence of
chaperone for this domain (228). It can here be observed that the DNA reading helix in GRm
L773P experiences a deprotection instead of the protection observed for GRm when Hsp90p
is present. After 2h of exchange GRmL773P exhibits only minimal changes in this domain

compared to GRm, which seems strongly protected.

GRm +Hsp20P_30min

L773P +Hsp90f_30min L773P +Hsp90p_2h

Figure 4.38. Significant changes in the conformational dynamics of GR DBD can be observed
in the presence of Hsp90B and ATP. Projection of the differential H/DX data for GRm and
GRmL773P onto the crystal structure of the GR DBD in complex with an fkbp5-derived GRE.
Significant changes in H/DX for GRm or GRm L773P, as indicated in the plot, in the presence
of Hsp90PB and ATP are color coded in blue (low exchange) to red (high exchange).
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Interestingly, plotting the fractional uptake for the GR DNA reading helix in the presence and
absence of chaperone helps visualize that this element undergoes opposite exchange
dynamics in GRm and GRm L773P (as observed in the Wood’s plots in Figures 4.35 and 4.36
and visualized in figure 4.38) in the presence of chaperone, ultimately adopts the same

exchange status with GRm upon interaction with the chaperone (Figure 4.39).
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Figure 4.39. Uptake plots for GR residues 444-461 that consist the DNA reading helix.

The comparison of both variants in the presence of the Hsp90B machinery and ATP can help
summarize the persistent differences in their interaction with the chaperone, the
perturbations that chaperone binding cannot buffer (Figure 4.40). This figure shows that
changes originating from elements proximal to the mutation site and the B-sheet 2 of GR, over
2h of exchange in the presence of Hsp90B and ATP concern H1, H3, H4/5 and H7. The changes
observed in B-sheet 2 and the DBD of the receptor can not be observed in this Wood’s plot

since apparently the chaperone is able to restore their dynamics.
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Figure 4.40. Comparison of GRm and GRm L773P in the presence of Hsp90B and ATP by
hydrogen-deuterium exchange coupled to MS. A) The hydrogen-deuterium exchange is
plotted for GRm +Hsp90B/ATP (navy) and GRmL773P +Hsp90B/ATP (olive). Hormone binding
residues are indicated with asterisks and characteristic GRLBD elements are highlighted on
the plot. F. Persistent after 2h altered dynamics mapped on our previously described model
of GRLBD with C.elegans Hsp90, showing how these signals overlap with the binding interface.
B, C) Wood's plots based on two experiments, constructed with the Deuteros software for
time points of 30 and 120 min and using hybrid statistics (p-value< 0.02). Significant

differential signals are here suppressed over time and persisting differences concern the H1,
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H3, H4/5 and H7. D. The most significant relative changes in fractional uptake are mapped on
the GR LBD structure for 30 minutes (E) and 2h (F) exchange and are color coded in blue (low

exchange) to red (high exchange).
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In silico insight into L773P point mutation conformational consequences

To further understand the conformational consequences of the single-point mutation L773P,
the two GR variants were examined in silico by Molecular Dynamics (MD) simulations in the
presence of dexamethasone. Leucine 773 was mutated to proline in the FoldX force field,
employing the crystal structure solved for GRLBD by Hemmerilng et al (PDB 5NFP) and by
coloring the protein surface for amino acid hydrophobicity according to the Kyte-Doolittle
scale, it is apparent that there is a very hydrophobic spot around the mutation site that is

discontinued once leucine 773 is mutated to proline (Figure 4.41 A) (209).

& Asp7
¢5023

Vs
;/

Lys771 {
Lys770

Leu773

Figure 4.41. A) GRLBD surface colored for aminoacid hydrophobicity according to the Kyte-
Doolittle scale. The hydrophobic residue network around the leucine 773 (left structure), as
indicated with the frame is discontinued once leucine is mutated to proline (right structure).
B) The hydrogen bonding network in the hydrophobic residue network around leucine 773.

Hydrophobic aminoacids are colored red.

With a closer look at the hydrogen bonding network within this hydrophobic spot, it is
apparent that the C-terminal residues around the mutation are involved in hydrogen bonds

with H10 residues His726, Asp723 and Tyr 716 (Figure4.41 B). These residues also show an
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intense change in deuterium uptake in the HDX analysis. MD simulations were performed with
the GROMACS software in the CHARMM36 force field to examine hydrogen bonding between
the respective pairs. The leucine variant displays an average distance of approximately 3 A
between the hydrogen bond donors and acceptors in the MD simulations, a distance
consistent with the existence of an H-bond. In contrast, the mutated construct exhibits
considerably larger distances between these pairs, which implies that the point mutation

affects the positioning of the C-terminal peptide towards H10 and B-sheet 2 (Figure 4.36).
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Figure 4.42. Mutation of leucine 773 to proline leads to a disrupted hydrogen-bonding
network at GR’s terminus. Hydrogen bond pairs as indicated in the plots between GR’s C-
terminus and H10 residues exhibit higher distances in GRLBD L773P MD simulations (n=2,
t=100ns).
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Once hydrophobic interactions are visualized, it is clear that the neighboring to the mutation
residues His 775, Phe774 and Leu772 participate in complex hydrophobic interactions,
highlighting the importance of proper positioning of GR’s C-terminus. The neighboring to the
mutation site Phe774 and Leu772 seem to be in the epicenter of hydrophobic interactions
with H10 (Tyr 716, His 725, Asp723), B-sheet 2 (Pro676, Val675, Lys770) and also H9 (Leu680,
Phe 686, Arg690) and H8 (Leu672) residues that stabilize the other B-strand of B-sheet 2. As
other distances, like Leu770-Val675 and His775- Thr719, are not significantly affected in this
approach, a local relaxation of the structure, which destabilizes B-sheet 2, is likely the reason

for the increased dynamics observed via H/DX in this region (Figure 4.44).

Figure 4.43. Hydrophobic interaction network around the mutation site shows how the
neighboring to the mutation residues, Phe774 and Leu772 are in the middle of extensive
hydrophobic interactions with GR elements in H10, B-sheet 2, H9 and H8. Figure was created
with BIOVIA discovery studio.
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Figure 4.44 Other pair distances, proximal to the mutation site and relevant to B-sheet 2

seem to follow comparable dynamics in both constructs. A) RMSF of AF-2 Ca shows slightly

increased flexibility for GRLBD but both variants seem to behave similarly in this approach.
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B,D,F) Distance calculation of the indicated pairs based on MD simulations (n=2, t=100ns). C,

E) Distance calculation of the indicated pairs based on MD simulations (n=7, t=1ns).

4.6 AHR

Stable expression of an aryl-hydrocarbon receptor construct

The AHR protein sequence is predicted to yield a very unstable protein, so the design of a
stable construct of AHR LBD that should contain the LBD and Hsp90 binding regions of the
receptor was attempted. Three constructs with variable termini were cloned and
recombinantly expressed in E.coli, using autoinduction media ZYM5052. After small scale test
expression in the presence and absence of dexamethasone that could also be stabilizing the
AHR in a similar manner to GR, showed substantial expression only for the shorter construct,
AHR3 (Figure 4.45 A). The presence and absence of DEX showed a similar protein expression
yield, so the ligand was not utilized for protein purification. The purification consisted of Ni-
NTA and two SEC steps. The isolated AHR is folded, as CD spectroscopy shows high a-helical
content, common in the nuclear receptor family (Figure 4.45 B). This AHR construct, as
determined by both CD thermal transitions and Thermal Shift Assays with the Cypro Orange
dye, is stable up to approximately 40 °C and then starts to unfold in a cooperative transition,
with a melting temperature Tm= 51.4°C and 50 °C by each method respectively (Figure 4.45
C, D).
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Figure 4.45. AHR construct is a folded and thermally stable protein. A) Small scale test
expression, showing AHR expression overnight at the expected size of 40kDa. Biophysical

characterization of AHR by C) CD spectroscopy C) CD thermal transition D) thermal shift assay.

The AHRr construct was then fluorescently labeled with ATTO-488 and was subjected to
analytical centrifugation coupled to fluorescence detection. AHR sedimented with 2 S and
bound to Hsp90B. The same was observed with sedimentation velocity AUC coupled to
absorbance optics (data not shown). An interaction with the aryl-hydrocarbon interacting

protein, AIP, could not be detected within this set-up (data not shown).
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presence of Hsp90p.
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4.7 Whole-genome level responses of HEK293 cells to Hsp90B-selective inhibitor KUNB31

and dexamethasone

Microarray experiments were employed to analyze the transcriptional responses of human
HEK293 cells to dexamethasone and KUNB31, a recently developed Hsp90B-selective
inhibitor, to construct and then determine, which coexpression cliques are up- or down-
regulated under such conditions and map the chaperone-SHR-specific genetic interactions
(144). KUNB31 exhibited antiproliferative activity against various cancer cell lines, overcoming
the induction of the heat shock response, observed with Hsp90 pan-inhibitors (144). The study
describing the development of this molecule, reports a ~50-fold selectivity over Hsp90a and
Grp94 in vitro, ICso values in the lower micromolar range against cancer cell lines while no
antiproliferative activity was observed with HEK293 cells treated with up to 100 uM KUNB31.
In vitro, 1-30 uM KUNB31 concentrations were used to assess degradation of client proteins
and chaperones 24h post to treatment, and an Hsp70 and Akt-1 depletion can be observed at

1 uM KUNB31.

To determine an inhibitor and hormone concentration and ensure cells are not only viable but
also not in an apoptotic program before microarray analysis, HEK293 cells were treated with
DMSO, DEX and/or KUNB31 and early apoptosis was monitored with the RealTime-Glo™
Annexin V Apoptosis assay. This assay employs Annexin V fusion proteins containing
complementary subunits of the NanoBit ® luciferase (Annexin V-LgBiT and Annexin V-SmBIT)
that form a functional luciferase once they bind the phosphatidylserine on the outer leaflet of
cell membranes that gets exposed during apoptosis. A common dexamethasone treatment in
the GEO database was 100 nM of DEX for 6 h so this treatment was selected and since Hsp70
and Akt-1 depletion can be observed at 1 uM KUNB31, the Annexin V assay was employed to
see whether and at which time point, cells treated with 100nM DEX and/or 1uM KUNB31
exhibit signs of early-apoptosis. For this assay, cells were grown in CO2-independent media
and were seeded in a 96-well plate 24h prior to treatment. Upon treatment (at approximately
60-70% confluency) with DMSO, DEX and/or KUNB31, luminescence was recorded with a plate
reader. Under these conditions and up to 55 hours after treatment no significant increase in

the luminescence signal was observed (Figure 4.47).
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Figure 4.47. Annexin V assays show no significant exposure of phosphatidylserine upon

treatment of HEK293 with KUNB31, as indicated in the plot, up to 55 hours post treatment.

At this point, Radicicol was employed as a positive apoptosis control to assess the magnitude
of early apoptosis compared to the hormone and KUNB31 treatments. A Radicicol
concentration of 25 uM that caused a sharp increase in the apoptosis signal was considered
as a maximal response while concentrations up to 500 nM showed a signal comparable to the

DMSO control samples throughout time (Figure 4.48).
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Figure 4.48. Annexin V luminescence upon treatment of HEK293 cells with Radicicol, as

indicated in the plot.

Cells were also tested at a confluency of approximately 80%, the background signal is here
slightly elevated, but the DEX and KUNB31 treatments give a luminescence signal comparable
to control over time and therefore, a treatment with 1uM KUNB31 for 3h and 100nM DEX
(where appropriate) for 6 further hours was considered a condition where the cells are not
only viable but also do not show any signs of early apoptosis. Cells treated with DMSO, 1uM
KUNB31 and/or 100nM DEX were spun down and the cell pellet was shock-frozen. RNA
extraction and microarray analysis was carried out at KFB in University of Regensburg as a fee-

for-service.
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Figure 4.49. Venn diagrams of the significantly up or downregulated genes after the indicated
treatments with a 1.5 fold-change and p-value <0.05 (A) and 1.15 fold change and p-value
<0.01. (B).

Each treatment yielded a fraction of significantly up- or down- regulated genes that were not
significantly affected in the other treatments while in all cases, no significant induction of heat
shock proteins, like HSF-1 and the chaperones Hsp90 and Hsp70, was observed (Figure 4.49
and data not shown). This study was designed with the aim to construct and visualize the up-
or down-regulated co-expression cliques with the ClusterEx algorithm (Klaus Richter,
www.clusterex.de) that previously performed well in generating predefined cliques from
publicly available data for the yeast and C.elegans genomes (229-231). However, and since
this is a more demanding calculation, the human clusters could not be satisfactorily separated
and the gene lists were, for the time being, filtered with the TAC software for significance and

fold change to extract some indications of modified pathways.
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Transcriptional response of HEK293 cells to Dexamethasone treatment

Table4.6.: A summary of the most up- or down-regulated genes that were unique to DEX
treatment under the tested conditions and could also readily be assigned to Gene Symbols
(DMSO vs DEX, fold change<>1.5, p-value <0.05).

ID DEX DMSO Fold P-val Gene Description
Avg Avg Change Symbol
(log2) (log2)
16929631 5.97 4.82 -2.23 0.043 APOL1 apolipoprotein L1
16922036 5.91 5.05 -1.81  0.0083 BACH1 BTB and CNC homology 1, basic

leucine zipper
transcription factor 1

17114470 6.55 5.96 -1.5 0.0444 CT45A10; cancer/testis antigen family 45,
CT45A6; member A10,6,5
CT45A5
16834154 6.98 6.34 -1.56 0.012 KRTAP9-4 keratin associated protein 9-4
17114400 5.5 4.87 -1.54  0.0262 LINC00633 long intergenic non-protein coding
RNA 633
16813419 4.87 4.09 -1.71  0.0329 LINC00930 long intergenic non-protein coding
RNA 930
17073137 5.82 5.19 -1.55 0.0038 LINC01300 long intergenic non-protein coding
RNA 1300
16852174 4.24 3.57 -1.59  0.0159 LOC284263 uncharacterized LOC284263
16838238 5.61 43 -2.47  0.0248 1L0OC100996273 uncharacterized LOC100996273
16957947 3.37 2.72 -1.57 0.0112 LOC105374069 uncharacterized LOC105374069
17070341 4.16 3.52 -1.56  0.0062 LOC105375928 uncharacterized LOC105375928
17094076 5.42 4.79 -1.55 0.0417 LOC105376039 uncharacterized LOC105376039
16956554  5.58 4.99 -1.51  0.0249 L0OC105377198 uncharacterized LOC105377198
16679961 6.31 5.56 -1.69  0.0003 LOC105379689 F-box only protein 25-like
17104941 2.45 3.46 2 0.0133 MIR374C microRNA 374c
16660734 5.48 4.83 -1.57  0.0405 MIR378F microRNA 378f
17114680 5.26 4.53 -1.66  0.0201 MIR505 microRNA 505
16865072 5.06 4.18 -1.84  0.0098 MIR516B2 microRNA 516b-2
16865066 4.33 4.94 1.53 0.0348 MIR520D microRNA 520d
16971046  3.07 3.68 1.53 0.0094 MIR3139 microRNA 3139
16741491 3.46 4.34 1.84 0.0095 MIR3664 microRNA 3664
16742775 5.15 5.81 1.58 0.0367 MIR4300 microRNA 4300
16975417 2.56 3.19 1.55 0.0472 MIR4802 microRNA 4802
16735317 3.09 2.44 -1.57 0.0178 OR5P2 olfactory receptor, family 5,
subfamily P, member 2
16712766 4.92 4.31 -1.53 0.008 PTCHD3 patched domain containing 3
16774158 5.08 4.32 -1.7 0.0028 RNU6-56P RNA, U6 small nuclear 56,
pseudogene
16734927 3.85 3.24 -1.52 0.04 TRIMS5; HBG2 tripartite motif containing 5;

hemoglobin, gamma G
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Less pronounced differences , as depicted in Figure 4.50, with a lower fold change but at a
higher level of significance were also taken into consideration (fold change < or > 1.15 and p-
value< 0.02, Figure 4.50). A summary of the genes that could be assigned to a gene symbol
and a GO-category, grouped together for high-level GO-category with ShinyGO can be seen in
Table 4.7. A fraction of the genes up- or down-regulated upon treatment could not get

assigned to a Gene symbol and is not represented presented in the set.

P-val vs Fold Change

* 4

Figure 4.50. Volcano plot summarizing the greater than 1.15-fold up- or down-regulated genes
upon treatment with dexamethasone (p-value<0.02).
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Table 4.7. Summary of the genes that are unique to DEX treatment within 1.15 fold-change

and a p value<0.02, and could also readily be assigned to a gene symbol and a GO-category,

grouped together for high-level GO-category.

N High level GO category

Genes

19 Regulation of signaling

19 Regulation of response to stimulus

18 Response to stress

17 Regulation of biological quality

14 Anatomical structure morphogenesis

13 Regulation of molecular function

11 Immune system process

11 Regulation of localization

11 Macromolecule localization

11 Regulation of developmental process

10 System process

10 Cell proliferation

10 Regulation of multicellular organismal process

10 Multi-organism process

(s}

Response to external stimulus

Immune response

Locomotion

Cellular component biogenesis
Cellular localization

Immune effector process

Regulation of immune system process
Response to biotic stimulus

Cell motility

Detection of stimulus

A O OO O O O N NN oo

Localization of cell
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LRP5L IL23A IFI6 EDA2R SHISA7 SHISA8 RAPGEF2 AIDA
APBA2 GLI2 CA2 PPARGC1A DMRT1 PLEKHG4B SLC30A8
ARAP1 KLF14 RCN3 RADSB

LRP5LIL23A IFI6 EDA2R MBL2 SCARA3 SHISA7 SHISA8
RAPGEF2 AIDA GLI2 PPARGC1A DMRT1 PLEKHG4B KLF14
RCN3 SH2D1B RAD9B ARAP1

EDA2R RAD9B MBL2 SCARA3 MT1M IL23A BACH1 RNASE6
PARP10 AIDA CA2 PPARGCIA ITGB6 IFI6 RCN3 DCD
SLC30A8 SH2D1B

LRP5L IFI6 ENPP6 SUN3 SLC30A8 SHISA7 MT1M SHISA8
MORC3 APBA2 NAALAD2 CA2 PPARGC1A RCN3 RAB38
ARAP1 RAPGEF2

LRP5L PGM5 MBL2 SCARA3 RAPGEF2 GLI2 CA2 PPARGCIA
FEZF1 DMRT1 HOXB2 SERPINB5 ARAP1 MGP

PPARGCIA IL23A IFI6 SHISA7 SERPINBS SHISA8 RAPGEF2
EDA2R AIDA ARAP1 LPA RCN3 PARP10

LRP5L IL23A MBL2 SCARA3 RNASE6 CA2 IFI6 SLC30A8
SH2D1B GLI2 DCD

LRP5L SLC30A8 SHISA7 SHISA8 CA2 APBA2 PPARGCLA
IL23A MBL2 ARAP1 RAPGEF2

LRP5L RAB38 SUN3 SLC30A8 MORC3 APBA2 ITGB6 RCN3
SHISA7 LPA RAPGEF2

IL23A RAPGEF2 GLI2 NMRK2 CA2 PPARGCIA MGP FEZF1
DMRT1 MAMSTR ARAP1

TAS2R5 OR5P2 PPARGC1A OR13J1 OR2B11 SHISA7 OR6K2
OR10Z1 HOXB2 LPA

IL23A DMRT1 BTG3 GLI2 RAPGEF2 MORC3 PARP10
PPARGCIA FEZF1 SERPINB5

IL23A RAPGEF2 ITGB6 GLI2 CA2 PPARGCIA MGP FEZF1
DMRT1 SHISA7

DMRT1 IL23A MBL2 RNASE6 PPARGC1A ITGB6 IFI6 MORC3
DCD PARP10

IL23A MBL2 RNASE6 GLI2 PPARGC1A IFI6 FEZF1 DCD
RAB38

IL23A MBL2 SCARA3 RNASEG IFI6 SLC30A8 SH2D1B DCD
ITGB6 GLI2 PPARGC1A IL23A FEZF1 DMRT1 RAPGEF2
PGM5 RAB38 CLYBL PARP10 RAPGEF2 ARAP1 PPARGC1A
LRP5L RAB38 SUN3 MORC3 APBA2 SHISA7 RAPGEF2
IL23A MBL2 SCARA3 RNASEG6 IFI6 SH2D1B

IL23A MBL2 SCARA3 CA2 GLI2 SH2D1B

IL23A MBL2 RNASE6 PPARGC1A IFI6 DCD

ITGB6 PPARGC1A IL23A FEZF1 DMRT1 RAPGEF2

TAS2R5 OR13J1 OR2B11 OR5P2 OR6K2 OR1071

ITGB6 PPARGC1A IL23A FEZF1 DMRT1 RAPGEF2



w

Developmental process involved in
reproduction

6 Response to other organism |L23A MBL2 RNASE6 PPARGC1A IFI6 DCD
5 Catabolic process NAALAD2 PPARGC1A RCN3 ENPP6 RNASE6
5 Response to abiotic stimulus RAD9B BACH1 CA2 PPARGC1A SCARA3

5 Growth MBL2 SCARA3 APBA2 GLI2 MT1M

5 Interspecies interaction between organisms MBL2 ITGB6 MORC3 DCD PARP10

4 Immune system development LRP5L IL23A CA2 GLI2

4 Cell adhesion IL23A ITGB6 PGMS5 GLI2

4 Behavior APBA2 SHISA7 NMS TAS2R5

4 Cell cycle process DMRT1 RAD9B BACH1 ARAP1

4 Biological adhesion IL23A ITGB6 PGM5 GLI2

4 Developmental growth MBL2 SCARA3 APBA2 GLI2

3 Reproduction DMRT1 GLI2 SERPINB5S

3 Cellkilling IL23A DCD MBL2

DMRT1 GLI2 SERPINB5

3 Response to endogenous stimulus CA2 RAPGEF2 PPARGC1A
3 Reproductive process DMRT1 GLI2 SERPINBS

3 Regulation of locomotion PPARGCIA IL23A RAPGEF2
3 Taxis GLI2 IL23A FEZF1

3 Regulation of multi-organism process IL23A MBL2 PARP10

3 Regulation of cellular component biogenesis PARP10 RAPGEF2 ARAP1
3 Leukocyte activation IL23A GLI2 SH2D1B

3 Maintenance of location SUN3 SLC30A8 MORC3

2 Activation of immune response MBL2 SCARA3

2 Circadian rhythm PPARGC1A NMS

2 Locomotory behavior APBA2 NMS

2 Regulation of cell adhesion IL23A GLI2

2 Killing of cells of other organism DCD MBL2

5 (l\)/ltﬁgirﬁocl?gt;cr)]rsszc morphology or physiology of DCD MBL2

2 Regulation of growth MBL2 MT1M

Rhythmic process

Anatomical structure formation involved in
morphogenesis

Protein activation cascade

PPARGCI1A NMS

PGMS5 GLI2

MBL2 SCARA3

The GeneMANIA algorithm uses a large database of functional interaction networks from
multiple organisms to identify the most related genes to a query gene set, using a guilt-by-
association approach while each related gene is traceable to the source network used to make
the prediction (232). The network constructed for the dexamethasone treatment shows the
genes that were significantly up- or down-regulated, connected for coexpression, genetic

interactions and shared protein domains (Figure 4.52).
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Figure 4.52. Network representation of the significantly up- or down-regulated genes upon
dexamethasone treatment of HEK293 cells, constructed with the GeneMANIA algorithm and
connecting genes for coexpression (pink), genetic interactions(29) and shared protein

domains (ochre).
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Transcriptional response off HEK293 cells to KUNB31 treatment

In the same type of analysis as with the dexamethasone treatment, the most significantly up-

or down-regulated genes after treatment with KUNB31 were identified (Table.4.8, 4.9).

Table 4.8: A summary of the most significantly up- or down-regulated genes that are unique
to KUNB31 treatment and could also readily be assigned to Gene Symbols (DMSO vs DEX, fold
change>1.5, p-value<0.05).

ID DMSO KUNB31 Fold p-value Gene Description
Avg Avg Change Symbol
(log2) (log2)
16748498 4.81 5.47 -1.57 0.0022 MIR613 microRNA 613
16737019 5.23 4.64 1.51 0.0031 DCDC1 doublecortin domain
containing 1
16949503 3.38 4.2 -1.76 0.0062 MIR28 microRNA 28
16701608 4.42 2.85 2.97 0.008 OR2M7 olfactory receptor, family 2,
subfamily M, member 7
16711795 3.6 2.44 2.23 0.0082 MIR548AK microRNA 548ak
16834162 2.63 3.39 -1.7 0.0083 KRTAP9-6 keratin associated protein 9-
6
16817210 2.29 2.92 -1.55 0.009 MIR548W microRNA 548w
16833706 4.93 4.17 1.7 0.0102 MIR4727 microRNA 4727
16732846 4.61 3.84 1.7 0.0119 OR8A1 olfactory receptor, family 8,
subfamily A, member 1
17065935 5.31 4.7 1.53 0.0122 LOC101930149 uncharacterized
LOC101930149
16931864 6.57 5.93 1.56 0.0123 POTEH, POTEG POTE ankyrin domain family,

member H; POTE ankyrin
domain family, member G

16952379 -1.82 0.0124 LOC105377643 uncharacterized
LOC105377643

16786454 5.02 5.78 -1.7 0.0149 VRTN vertebrae development
associated

17115998 5.38 4.46 1.9 0.017 TSPY2 testis specific protein, Y-
linked 2

16983540 5.95 5.03 1.89 0.0183 PMCHL1 pro-melanin-concentrating
hormone-like 1, pseudogene

16659944 5.55 4.74 1.76 0.0186 LOC101927806; uncharacterized

LOC440570 LOC101927806;
uncharacterized LOC440570

16820655 6.9 6.21 1.62 0.0187 CLEC18A; C-type lectin domain family
CLEC18C 18, member A; C-type lectin
domain family 18, member
C
17047247 5.34 5.95 -1.53 0.0224 PMS2P5 PMS1 homolog 2, mismatch

repair system component
pseudogene 5

17004536 4.95 5.55 -1.52 0.0233 LOC101928047 uncharacterized
LOC101928047

16983843 6.1 5.4 1.62 0.0242 LOC646652 integral membrane
glycoprotein-like

16797531 3.39 2.72 1.59 0.025 IGHV4-39 immunoglobulin heavy
variable 4-39
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17104893

16909693

17117655

16966169

16663284

16788745

16965041

17114687

16876428

16679876
16833224

16882736

16780174

5.41

4.07

5.48

2.79

3.77

1.89

4.68

6.32

3.62

3.47
4.15

2.97

4.94

4.74

4.98

4.9

3.74

4.36

2.64

3.65

5.58

4.8

4.39
4.96

2.32

5.58

1.59

-1.88

1.5

-1.93

-1.5

-1.68

2.05

1.66

-2.25

-1.89
-1.76

1.57

-1.56

0.0264

0.0274

0.0278

0.0282

0.0305

0.0346

0.0393

0.0417

0.0432

0.0463
0.0472

0.0475

0.0485

PABPC1L2B

DNAJB3

LOC100507079

LOC105374419

CCDC30

MIR376A1

DEFB131

LOC105373343

LOC101927468

LOC728323
CCL8

IGKV2D-29

LINC00410

poly(A) binding protein,
cytoplasmic 1-like 2B
Dnal (Hsp40) homolog,
subfamily B, member 3
Uncharacterized
LOC100507079
Uncharacterized
0C105374419
coiled-coil domain
containing 30
MIR376A1

defensin, beta 131
uncharacterized
LOC105373343
uncharacterized
LOC101927468
uncharacterized LOC728323
chemokine (C-C motif)
ligand 8
immunoglobulin kappa
variable 2D-29

long intergenic non-protein
coding RNA 410

The less pronounced differences with a lower fold change but at a higher level of significance

(Figure 4.53) that are depicted in Figure 4.53, were also taken into consideration (fold change

< or>1.15 and p-value< 0.02). The genes that could be assigned to a gene symbol and a GO-

category were grouped together according to high-level GO-category with ShinyGO (Table

4.9).

o i

Figure 4.53. Volcano plot summarizing the greater than 1.15-fold up- (red) or down-(29)

regulated genes upon treatment with KUNB31 (p-value<0.02).
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Table 4.9. Summary of the up-or downregulated upon KUNB31 treatment genes that could be

assigned to a gene symbol and a GO-category, grouped together for high-level GO-category.

N High level GO category Genes
11 Cell proliferation GPLD1 TMIGD2 DYNAP UNCX HMX2 DCHS2 LGALS3
NACC1 LTBP3 NAB2 SLC29A2
11 Anatomical structure morphogenesis CCM2 AP1AR UNCX NAB2 CNP HMX2 LAMB3 GPLD1
TMIGD2 SYNPO2L ZNF22
10 Regulation of response to stimulus ULBP1 CCL18 GPR143 GPLD1 LGALS3 SH2D6 ENHO
SYNPO2L CD3G ARHGAP30
9  Cell adhesion CDHR4 TMIGD2 COL19A1 CRISP2 AP1AR LAMB3 DCHS2
LGALS3 HAS1
9 Biological adhesion CDHR4 TMIGD2 COL19A1 CRISP2 AP1AR LAMB3 DCHS2
LGALS3 HAS1
9 Regulation of signaling CCL18 GPR143 LGALS3 SH2D6 ENHO AP1AR GPLD1
SYNPO2L ARHGAP30
9 Cellular component biogenesis HAS1 SYNPO2L CEP295NL NACC1 TUBB1 AP1AR LRRN1
CD3G LAMB3
. . CCL18 LGALS3 DYNAP MLLT1 NAB2 ENHO CEP295NL
9 Regulation of molecular function

W W WWWwwwwwww & & o bpuuunn 11 TUUUUVUUVTUO OO ON ©
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Regulation of developmental process

Regulation of biological quality
Immune system process

Immune response

Catabolic process

Cellular localization

Regulation of immune system process
System process

Response to stress

Regulation of localization
Macromolecule localization
Locomotion

Cell motility

Regulation of multicellular organismal
process

Localization of cell

Multi-organism process

Regulation of locomotion

Regulation of cellular component
biogenesis

Leukocyte activation

Anatomical structure formation involved

in morphogenesis

Reproduction

Immune effector process

Activation of immune response
Response to external stimulus
Response to endogenous stimulus
Cell cycle process

Reproductive process

Regulation of cell adhesion
Multicellular organism reproduction
Multicellular organismal reproductive
process

Detection of stimulus

ARHGAP30 GPLD1

AP1AR KRT84 UNCX NAB2 LRRN1 TMIGD2 LTBP3
LGALS3

SLC29A2 DND1 AP1AR ENHO CNP LRRN1 GPLD1
ULBP1 CD3G TMIGD2 CCL18 GPLD1 LGALS3
ULBP1 TMIGD2 CCL18 GPLD1 LGALS3 CD3G
MMP27 ANKZF1 DND1 GPLD1 CNP COL19A1
SLC29A2 AP1AR TRAPPC3L GPR143 LGALS3 GPLD1
ULBP1 GPLD1 LGALS3 TMIGD2 CD3G

OR8A1 OR5L2 CIC OR2M7 GPR143

ULBP1 ANKZF1 CCL18 LGALS3 CCM2

LGALS3 GPR143 AP1AR HAS1 GPLD1

LGALS3 AP1AR ENHO CD3G GPLD1

CCL18 LGALS3 AP1AR HAS1 GPLD1

CCL18 LGALS3 AP1AR HAS1 GPLD1

TMIGD2 KRT84 LRRN1 GPLD1 LGALS3

CCL18 LGALS3 AP1AR HAS1 GPLD1
PRM2 CIC ULBP1 CNP DND1
LGALS3 AP1AR HAS1 GPLD1

SYNPO2L CEP295NL AP1AR LRRN1
ULBP1 CD3G TMIGD2 LGALS3
LAMB3 GPLD1 TMIGD2 SYNPO2L

PRM2 HAS1 DND1
ULBP1 LGALS3 CD3G
GPLD1 LGALS3 CD3G
CCL18 LGALS3 CNP
HAS1 GPLD1 ENHO
CEP295NL TUBB1 DCDC1
PRM2 HAS1 DND1
TMIGD2 AP1AR LGALS3
PRM2 HAS1 DND1

PRM2 HAS1 DND1
OR2M7 OR8A1 OR5L2



2 Immune system development CD3G LGALS3
2 Developm'ental process involved in PRM2 DND1
reproduction

2 Behavior CICCNP

2 Sexual reproduction PRM2 DND1
2 Taxis CCL18 LGALS3
2 Multi-organism reproductive process PRM2 DND1
2 Leukocyte migration CCL18 LGALS3

The up- or down- regulated gene list was subjected to the Hsp90 interactome database
(www.picard.ch) provided by Echeverria and coworkers (38). This search returned LGALS3BP,
the gene that encodes Galectin-3-binding protein, a member of the lectin family, as an
identified HSP90AB1 (Heat Shock Protein 90 Alpha Family Class B Member 1) interactor but
no further Hsp90-relevant interactions were identified upon this treatment. LGALS3BP
interacts with LGALS3 that was found significantly downregulated (-1.17 fold change, p-value=
0.0018) after KUNB31 treatment(233).

The network constructed with GeneMANIA for the KUNB31 treatment shows the genes that
were significantly up- or down-regulated, connected for coexpression and shared protein

domains (Figure 4.54).
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Figure 4.54. Network representation of the significantly up- or down-regulated genes upon
KUNB31 treatment of HEK293 cells, constructed with the GeneMANIA algorithm and

connecting genes for coexpression (pink) and shared protein domains (ochre).
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Transcriptional responses of HEK293 cells to a combination of DEX and KUNB31 treatment

A combination of dexamethasone and KUNB31 treatment gave a distinct transcriptional
response, which may reveal SHR-Hsp90-specific relationships on the genome level. The most
significantly up- or down-regulated genes after treatment with the combination of KUNB31

and dexamethasone were identified (Table.4.10, 4.11).

Table 4.10. A summary of the most significantly up- or down-regulated genes that are unique
to KUNB31+DEX treatment and could also readily be assigned to Gene Symbols (DMSO vs
KUNB31+DEX, fold change>1.5, p-value<0.05).

ID Gene DMSO KUNB31 Fold p-value Description
Symbol Avg +DEX Change
(log2) Avg
(log2)
16679136 LOC105373218 4.61 5.29 1.6 0.0133  uncharacterized LOC105373218
16691016 LINC01356 7.24 6.59 -1.58 0.0445 long intergenic non-protein coding
RNA 1356
16708511 MIR3158-1 3.24 3.86 1.54 0.0118 microRNA 3158-1
16710666 TCERG1L-AS1 2.01 2.67 1.58 0.0387 TCERGLL antisense RNA 1
16724783 ORS8K3 5.14 4.36 -1.72 0.0099 olfactory receptor, family 8,
subfamily K, member 3
(gene/pseudogene)
16738333 TRIM51HP 3.73 4.35 1.54 0.0246 tripartite motif-containing 51H,
pseudogene
16755600 MIR1827 3.31 2.7 -1.53 0.0390 microRNA 1827
16760790 CD163L1 3.37 4.35 1.96 0.0185 CD163 molecule-like 1
16767886 LOC105369860 3.19 2.51 -1.6 0.0229  uncharacterized LOC105369860
16788655 SNORD114-10 4.47 4.03 -1.35 0.0027 small nucleolar RNA, C/D box 114-
10
16801691 LOC101928907 5.6 4.99 -1.53 0.0259  uncharacterized LOC101928907
16830235 ALOX12P2 5.59 4.95 -1.55 0.0028 arachidonate 12-lipoxygenase
pseudogene 2
16859213 OR10H4 4.86 5.53 1.58 0.0136 olfactory receptor, family 10,
subfamily H, member 4
16894398 MIR4261 4.99 4.12 -1.83 0.0435 microRNA 4261
16928329 BCRP3 3.44 4.07 1.55 0.0133  breakpoint cluster region
pseudogene 3
16931912 XKR3 4.68 4.06 -1.53 0.0439 X-linked Kx blood group related 3
16932716 P2RX6P 5.67 5.06 -1.52 0.0166 purinergic receptor P2X, ligand
gated ion channel, 6 pseudogene
16976533 UGT2B15 1.97 2.65 1.6 0.0036 UDP glucuronosyltransferase 2
family, polypeptide B15
16976583 UGT2A2; 3.77 4.55 1.72 0.0002 UDP glucuronosyltransferase 2
UGT2A1 family, polypeptide A2; UDP

glucuronosyltransferase 2 family,
polypeptide Al, complex locus

16979892 LOC10192741, 3.44 2.86 -1.5 0.0197 uncharacterized LOC101927414;
LOC105377444 uncharacterized LOC105377444
16980254 GYPB 3.59 4.54 1.93 0.0173  glycophorin B (MNS blood group)
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16990542 LOC105378210 4.72 4.07 -1.57 0.0463  uncharacterized LOC105378210

17006605 HCP5 5.09 4.45 -1.56 0.0167 HLA complex P5 (non-protein
coding)
17056827 TRGV11 3.68 4.32 1.56 0.0128 T cell receptor gamma variable 11
(non-functional)
17086337 LOC101927552 4.55 3.94 -1.52 0.0218 uncharacterized LOC101927552
17094372 LOC105376050 4.41 5.41 2 0.0193 uncharacterized LOC105376050;
LOC105379263 uncharacterized LOC105379263;
LOC105379816 uncharacterized LOC105379816
17095633 MIR4290HG 6.44 5.79 -1.57 0.0106  MIR4290 host gene
17107640 LOC101927685 6.08 6.7 1.54 0.0422 heat shock transcription factor, X-
linked-like
17114768 MIR892A 3.07 3.79 1.65 0.0121 microRNA 892a

17117431 LOC645010 5.37 5.96 1.51 0.0082 uncharacterized LOC645010

The less pronounced differences with a lower fold change but at a higher level of significance
depicted in Figure 4.55, were also taken into consideration (fold change < or>1.15 and p-value
< 0.02, Figure ). The genes that could be assigned to a gene symbol and a GO-category were

grouped together according to high-level GO-category with ShinyGO (Table 4.10).

Poval v Fod Change

Figure 4.55. Volcano plot summarizing the greater than 1.15-fold up- (red) or down-(29)

regulated genes upon treatment with KUNB31 (p-value<0.02).
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Table 4.11: Up- and down-regulated genes (fold change < or> 1.15 and p-value < 0.02) upon
DEX+ KUNB31 treatment are grouped by functional categories defined by high-level GO terms
with the ShinyGO tool.

N High level GO Genes
category
37 Regulation of biological WNT5A NEDD4 NOS1 HTR2A SNX16 ATP4A TRPV4 SLC9A2 ARHGAP40
quality BRWD3 XRN1 TACR1 STXBP4 WNT10B DDIT3 PLEKHN1 TXNDC16 PTN
CPT1A TNNC1 LRP4 RNASEL FBN2 TMEM108 NPHS1 GRIK2 GALR2 NF1
GJA5 DNMBP TBX3 TMIGD1 NGFR FGD2 ACSM3 DNAJC5 GRM4
36 Regulation of response to ARHGAP40 FRZB TRABD2B DDIT3 HTR2A WNT5A COLEC11 GRM4 LRP4
stimulus FAIM2 PTPN13 STXBP4 NEDD4 NOS1 IL27RA PTN DNMBP TRPV4 TNNC1
FGFBP1 FBN2 TMEM108 FGD2 IL24 GRIK2 WNT10B GPC5 C100RF99
CXCL17 NF1 HES5 BIRC6 EPG5 ARHGAP12 USP17L2 RNASEL
35 Regulation of signaling ARHGAP40 GRM4 FRZB GRIK2 TRABD2B DDIT3 HTR2A WNTS5A LRP4 FAIM2
PTPN13 STXBP4 NEDD4 NOS1 PTN DNMBP CPT1A TRPV4 TACR1 FGFBP1
FBN2 TMEM108 FGD2 I1L24 WNT10B GPC5 C100RF99 NF1 HESS5 GJAS BIRC6
ARHGAP12 CXCL17 USP17L2 RNASEL
32 Regulation of localization NEDD4 HTR2A SNX16 TACR1 NGFR FGFBP1 STXBP4 TMIGD1 C100RF99
NOS1 DNAJCS IL27RA CFAP69 PTN BOD1 CPT1A TRPV4 WNTS5A TNNC1 LRP4
RNASEL NPHS1 IL24 TMEM37 DDIT3 CXCL17 NF1 CPTP GJAS TTBK2 GALR2
USP17L2
32 Macromolecule NEDD4 PRELID3A C120RF50 ZDHHC20 CPTP NGFR PTN WNT5A PNPLA8
localization STXBP4 PITPNM2 HTR2A SNX16 IL27RA BOD1 CPT1A TRPV4 SLC9A2 KIF17
LRP4 FBN2 LYST GRIK2 NBEA DDIT3 NPIPA1 NF1 AP5B1 GJAS NPHS1 TTBK2
USP17L2
30 Anatomical structure NEDD4 BRWD3 EPHA10 HESS5 TBX3 FGFBP1 PTN BO9D1 MAN2A1 WNTS5A
morphogenesis LRP4 FAIM2 FBN2 TMEM108 NPHS1 FRZB WNT10B ATOH1 PROP1 CXCL17
NF1 GJAS5 NGFR DNMBP TRPV4 TNNC1 ARHGAP12 DICER1 FGD2 NOS1
28 Regulation of multicellular NEDD4 TNNC1 HES5 PTN FGFBP1 DDIT3 GJA5 NOS1 HTR2A IL27RA TRPV4
organismal process MAN2A1 WNT5A TACR1 LRP4 TBX3 FBN2 TMEM108 NPHS1 FRZB WNT10B
ATOH1 NF1 CPTP NGFR DICER1 CXCL17 USP17L2
27 Response to stress TRPV4 DDIT3 ZNF771 NOS1 WNT5A TBX3 RNASEL STXBP4 PLEKHN1
C100RF99 IL27RA PTN TACR1 COLEC11 FAIM2 FGD2 NPHS1 IL24 GRIK2
WNT10B NF1 NEDD4 LYST EPG5 ZBTB38 CXCL17 USP17L2
27 Cellular component TRAPPC6A ARHGAP40 TTBK2 SRPK3 TUBGCP5 DICER1 DDIT3 GIJAS
biogenesis TRABD2B H2AFB3 B9D1 CPT1A TRPV4 WNT5A TACR1 LRP4 RNASEL NPHS1
TDRD5 PTPN13 WNT10B HES5 USP17L2 CPTP FGD2 KIF17 KRT5
27 Cellular localization TRAPPC6A NEDD4 HTR2A KIF17 C120RF50 ZDHHC20 AP5B1 NGFR PTN
WNT5A STXBP4 NOS1 DNAJC5 TNNC1 LRP4 TMEM108 EPG5 GRIK2 DDIT3
NF1 SNX16 TTBK2 LYST USP17L2 B9D1 CPT1A GRM4
24  Regulation of molecular NEDD4 NOS1 SNX16 ARHGAP12 SERPINB11 HTR2A WNT5A GRM4 TTBK2
function DDIT3 NF1 USP17L2 TRAPPC6A PTN TNNC1 BIRC6 ARHGAP40 FGD2 IL24
WNT10B GALR2 C100RF99 NGFR CXCL17
23 Catabolic process NEDD4 NOS1 DICER1 LPIN2 BIRC6 EPG5 TET3 PNPLA8 DDIT3 PLEKHN1
HTR2A CPT1A XRN1 RNASEL WNT10B CYP4F3 GK2 TECPR2 USP17L2
WNTS5A LRP4 CPTP GPC5
23 Regulation of NEDD4 BRWD3 HES5 PTN TBX3 FGFBP1 FRZB WNT10B DDIT3 NOS1 HTR2A
developmental process IL27RA TRPV4 MAN2A1 WNT5A LRP4 FBN2 ATOH1 NF1 NGFR DNMBP
DICER1 FGD2
22 System process NOS1 TNNC1 MYH4 HTR2A CFAP69 PTN TRPV4 TACR1 TMEM108 NPHS1
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TACR1 EPHA10 FGFBP1 TMIGD1 C100RF99 IL27RA CFAPE9 PTN TRPV4
WNTS5A IL24 ATOH1 PROP1 CXCL17 NF1 TTBK2 NEDD4 USP17L2 LYST
GYPB

WNT5A COLEC11 RNASEL WNT10B C100RF99 NEDD4 IL27RA PTN TRPV4
TACR1 STXBP4 CXCL17 NF1 HES5 LYST EPG5 USP17L2 DNAJC5 GYPB

PTN WNT5A TBX3 FGFBP1 FRZB WNT10B TMIGD1 HTR2A TACR1 BIRC6
IL24 NF1 HES5 NGFR KLF9 STXBP4 USP17L2 DICER1

NOS1 LPIN2 SCGB2A2 NGFR NEDD4 KLF9 PTN TRPV4 XRN1 WNT5A TACR1
LRP4 FGFBP1 FBN2 TMEM108 STXBP4 WNT10B HES5

TACR1 FGFBP1 TMIGD1 C100RFS9 IL27RA CFAP69 PTN TRPV4 WNT5A
IL24 ATOH1 PROP1 CXCL17 NF1 TTBK2 USP17L2 LYST GYPB

TACR1 FGFBP1 TMIGD1 C100RFS9 IL27RA CFAP69 PTN TRPV4 WNT5A
IL24 ATOH1 PROP1 CXCL17 NF1 TTBK2 USP17L2 LYST GYPB

NOS1 EPHA10 COLEC11 RNASEL C100RF99 HTR2A IL27RA PTN TRPV4
WNT5A TACR1 IL24 ATOH1 DDIT3 CXCL17 USP17L2 LYST

NOS1 COLEC11 RNASEL C100RF9S NEDD4 HTR2A IL27RA CFAP69 PTN
WNT5A TACR1 DPEP3 HERC4 TDRD5 IL24 USP17L2 LYST

HES5 FGFBP1 PTN WNT5A TBX3 FAIM2 FBN2 NPHS1 WNT10B CXCL17 NF1
GJAS5 NGFR DICER1 NOS1

TACR1 FGFBP1 TMIGD1 C100RF99 IL27RA CFAPES PTN TRPV4 WNTS5A
IL24 CXCL17 NF1 TTBK2 USP17L2

WNT5A COLEC11 C100RF9S IL27RA PTN TRPV4 TACR1 CXCL17 NF1 HES5
EPG5 USP17L2 RNASEL

TUBGCP5 CFAP69 PTN WNTS5A TACR1 BIRC6 DPEP3 HERC4 TDRDS5 TBX3
WNT5A COLEC11 NEDD4 IL27RA STXBP4 LYST EPG5 USP17L2 DNAJCS
RNASEL

NOS1 COLEC11 RNASEL C100RF99 IL27RA WNT5A [L24 DDIT3 USP17L2
LYST

TUBGCP5 DDIT3 C100RF99 KLLN WNT5A BIRC6 DPEP3 WNT10B STXBP4
USP17L2

TUBGCP5 CFAP69 PTN WNTS5A TACR1 BIRC6 DPEP3 HERC4 TDRDS5 TBX3
NOS1 COLEC11 RNASEL C100RF99 IL27RA WNT5A [L24 USP17L2 LYST

HTR2A CFAP69 PTN CPT1A TACR1 GRIK2 NF1 GALR2
TRPV4 NOS1 PLEKHN1 HTR2A PTN TACR1 NF1 NEDD4

ARHGAP40 TRABD2B WNT5A TACR1 NPHS1 WNT10B USP17L2 CPTP

C100ORF99 IL27RA TRPV4 TACR1 CXCL17 WNTS5A LYST GYPB
COLEC11 RNASEL IL27RA WNTS5A LYST USP17L2 DNAJC5
EPHA10 C100RF9S TRPV4 WNT5A ATOH1 CXCL17 LYST
WNT5A WNT108B IL27RA PTN NF1 HES5

PTN WNT5A NPHS1 NF1 HES5 TRPV4
CFAP69 PTN TACR1 DPEP3 HERC4 TDRDS
PTN WNT5A NPHS1 NF1 HES5 TRPV4
CFAP69 PTN TACR1 DPEP3 HERC4 TDRDS
CFAP69 PTN TACR1 DPEP3 HERC4 TDRDS
CFAP69 PTN TACR1 DPEP3 HERC4 TDRDS

HTR2A OR10H4 OR10D3 OR10G2 TACR1 UGT2A1
PTN WNTS5A BIRC6 TDRDS TBX3

EPG5 TECPR2 CPTP DDIT3 NEDD4
FRZB WNTS5A LRP4 TMEM108 WNT108B
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The network constructed with GeneMANIA for the KUNB31+DEX treatment shows the genes

that were significantly up- or down-regulated, connected for coexpression, biological pathway
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NEDD4 IL27RA TACR1 WNT5A DNAJC5
PASD1 NGFR PTN KLF9 CPT1A
HTR2A NF1 DNAJC5 GRM4

PASD1 KLFS NGFR CPT1A

PTN WNTS5A NF1 TRPV4

WNT5A LRP4 TMEM 108 WNT10B
HTR2A FBN2 DDIT3 NOS1

PTN TBX3 VPS72 HES5

COLEC11 EPG5 USP17L2

CPT1A TACR1 GALR2
FRZB WNT5A TMEM108
TRAPPC6A NF1 LYST
RNASEL CFAP6S USP17L2

RNASEL NEDD4 HTR2A

IL27RA WNT5A

HTR2A DNAJC5
TDRD5 TET3
FRZB WNT5A
PTN TACR1

WNT5A WNT10B
WNT5A WNT10B
TACR1 GJAS

WNTS5A DPEP3
CFAP69 WNT5A

and predicted interactions (Figure 4.56).
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Figure 4.56. Network representation of the significantly up- or down-regulated genes upon
KUNB31+DEX treatment of HEK293 cells, constructed with the GeneMANIA algorithm and
connecting the genes for coexpression (pink), biological pathway (29) and predicted

interactions (orange).

The same gene list was submitted in the Hsp90 interactor database
(https://www.picard.ch/Hsp90Int/) and Hsp90-relevant regulators that may be affected upon

treatment with DEX+KUNB31 were reported.
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Table: Summary of Hsp90 relevant protein-protein interactions that may be affected (at

least one of the interactors) upon treatment of HEK293 cells with DEX+ KUNB31.

Interactor_A
DNAJC7

DYNLL1

EPHA10

GNAQ
GRIN1
GRIN2D

HERC4
HRAS
HSP90AAL

HSPOOAAL
HTR2A
HTR2A
HTR2A
NF1

PAK7

PRKACA
PRKCA

RNF10

RNF111

RNF19B

SGK2

SGK2

SGK223

SGK223

SRPK3

SYN1
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Interactor_B
NF1

NOS1

CDC37

HTR2A
NF1
NF1

HSPOOAB1
NF1
NLRP4

NOS1
GLUL
JAK2
PPP5C
APP

CDC37

NOS1
NOS1

HSPS0AB1

HSPS0AB1

HSPOOAB1

CDC37

HSPOOAB1

CDC37

HSPSOAB1

HSPOOAB1

NOS1

Experimental_system
in vivo

in vitro in vivo yeast 2-
hybrid

LUMIER Assay

in vivo
in vivo

in vivo
LUMIER Assay

in vitro

in vitro in vivo
yeast 2-hybrid
in vivo

yeast 2-hybrid

in vivo
LUMIER Assay

in vitro

in vitro

LUMIER Assay

LUMIER Assay

LUMIER Assay

LUMIER Assay

LUMIER Assay

LUMIER Assay

LUMIER Assay

LUMIER Assay

Reconstituted Complex

Source_database
HRPD_human

HRPD_human

www.picard.ch (literature
curation)

HRPD_human
HRPD_human
HRPD_human

www.picard.ch (literature
curation)

HRPD_human

www.picard.ch (literature
curation)

HRPD_human
HRPD_human
HRPD_human
HRPD_human
HRPD_human

www.picard.ch (literature
curation)

HRPD_human
HRPD_human

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

www.picard.ch (literature
curation)

BioGrid_human

pubmed_ID
8836031

22939624

11916537
10862698
10862698

22939624
8628317

17435760

16537434
9169451

16537434
16374483

22939624

22939624

22939624

22939624

22939624

22939624

22939624

22939624

22939624

11867766
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Figure S1. Sequence alignment of FKB-6. FKBP51, FKBP52 generated by ClustalOmega.

Figure S2. Fluorescence polarization following binding of GRLBD to HSP-90/ATP in the

presence and absence of
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Figure S3. MR complex formation shows a similar cooperativity with Hsp90B and
immunophilins Fkbp51 and Fkbp52 to GR while the same requirement for cofactor p23 for
Hsp90p to adopt a more compact conformation is observed. A) CD spectrum shows a high
a-helical content, common in the SHR family. B, D) Sedimentation velocity AUC analysis of
*MRLBD in the presence of Hsp90B and Fkbp51 or Fkbp52 as indicated in the plot. C) CD

thermal transition for MRLBD shows a Tm of 46.6 °C.
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5. Discussion

5.1 Discussion on C.elegans and human Hsp90 chaperone assemblies

GR-Hsp90 complexes have been studied extensively since the 1980s in cellular lysates of
reticulocytes and wheat germ, leading to the identification of Hsp90 as a chaperone bound to
GR and also to the description of assemblies involving several Hsp90 co-chaperones (98,234-
236).Much of our current structural understanding of GR complexes in vitro originates from
yeast Hsp90 and its cofactors and only recently, structural data on higher eukaryotic species
became available(44,61,66,68,105). The extent and timing of movements performed by Hsp90
and the biochemical contribution of the cochaperones are still rather unclear, but the recent
purification of client proteins makes in vitro studies possible (44,81,237). We here focus on
the nematode and human Hsp90 chaperone systems to clarify which conserved principles are
observable between the different eukaryotic species. The nematode system contains only one
homolog of all major cofactors and a highly conserved Hsp90 protein, which has cellular
contact to client proteins of all known Hsp90 client classes. There are at least 200 nuclear
receptors in nematodes, but which of them are clients of the Hsp90 machinery is currently
unknown. In this study, we used a stabilized GRLBDm mutant of the ligand binding domain of
the human GR to model the wild-type protein, which is unstable (227). The LBD domain of the
human GR shows homology to the C. elegans nuclear hormone receptors NHR-25, NHR-47
and, FAX-1 that bind so far unknown ligands and to some extent, to the receptor for
dafachronic acid, DAF-12. Based on our results, C. elegans HSP-90 appears to perform its
closing reaction with an efficiency in-between yeast and human. Even under conditions where
the nucleotide ATPyS is present, formation of the closed, twisted state does not proceed for
the isolated HSP-90 or Hsp90B. This contrasts with the homologous yeast Hsp82 protein.
Instead, the nematode or human Hsp90s remain in an open-like conformation and also the
presence of a client protein does not induce the closing reaction. The TPR cofactor STI-1 and
the ATPase activator AHSA-1 could hardly be detected in GRLBDm-HSP-90 complexes. This is
in agreement with experiments performed in yeast (44). The human homologue of STI-1, Hop,
is known to deliver the GRLBD bound to the chaperone Hsp70 to Hsp90 and ATP hydrolysis by
Hsp90 is thought to induce the release of Hsp70 and Hop (105). Thus, STI-1 alone may not be

detected as a component of GRLBDm-HSP-90 complexes in the absence of the HSP-70
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chaperone. Further, we see that the binary GRLBDm-HSP-90 complex is disrupted once excess
STI-1is added, hinting at a competition for a binding site on HSP-90. Technically, the STI-1-HSP-
90 complex cannot be observed by fluorescence AUC with labeled GRLBDm, it is, however,
noticeable, since GRLBDm is exclusively observed in the unbound fraction. STI-1 interacts
primarily with the C-terminal MEEVD-peptide of Hsp90, but also the M domain, which is likely
the binding site that STI-1 and GRLBDm compete for (51,110,226). For AHSA-1, we also
observe competitive binding with GRLBDm, which could be due to the different
conformational requirements or overlapping binding sites on the Hsp90 chaperone (65,66). In
particular, the binding site in the middle domain of the chaperone may be used by both
proteins and therefore such ternary complexes may not form efficiently. Only in trimeric
complexes with the cofactors PPH-5 or FKB-6 does HSP-90 perform nucleotide-induced con-
formational rearrangements and reach a compacted state. These cofactors also strongly
facilitate the binding of GRLBDm to the chaperone. Thus, the nematode HSP-90 cycle seems
to be based on cooperative events between TPR-proteins, nucleotide and client protein
(Figure 5.1).The cofactor p23 has been thought to stabilize Hsp90-client interactions, which is
supported in our experiments with the human chaperone system (81,219). A recent study,
however, shows that p23 stimulates GRLBD dissociation from the chaperone with ATP but not
with the non-hydrolysable nucleotides and that it thus, can function as a substrate release
factor for Hsp90 (238). For AUC analysis, we utilize the non-hydrolysable nucleotide ATPyS in
an attempt to stabilize the closed states of the client-Hsp90 and client-Hsp90-TPR cofactor
complexes in the presence and absence of p23. In this set-up the affinity for Cep23/DAF-41 is
rather low. In complexes consisting of the nematode proteins, 0.22 + 0.05 of the GRLBDm
fraction is bound to the chaperone in the presence of ATPyS while 0.28 + 0.03 is bound when
Cep23/DAF-41 is added. In contrast, 0.49 + 0.05 of GRLBDm is bound to the chaperone in the
absence of ATPyS. We therefore, can say with conviction that ATPyS reduces the affinity of
HSP-90 to GR, but the further integration of Cep23/DAF-41 may not change the affinity
significantly (p = 0.1493). Given that the nematode protein responds much stronger to the
binding of ATPYS, it can be assumed that the observed differences between nematode HSP-
90 and human Hsp90p relate to the different flexibility and response of the protein to the
nucleotide. Based on mass spectrometry data, we investigated whether the observed
cooperativity in complex formation may originate from contacts between the cofactor and

client proteins on the chaperone scaffold. Our structural interpretation for GRLBDm-HSP-90 is
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in good agreement with the structural model proposed previously for yeast Hsp90 in complex
with GRLBDm (44). Electron microscopy structural studies also report GRLBD being bound to
the MD and CTD domains of human Hsp90, as part of a complex with Hsp70, Hop and Hsp90
(105). This binding site is also in line with the client-binding region of E. coli Hsp90 described
by Genest et al (42). Our results on the GRLBDm-HSP-90-FKB-6 topology are consistent with
recent findings regarding the human Fkbp51 (239). This study also postulates a stepwise
interaction with Hsp90, with affinities decreasing in the order TPR > FK2 > FK1. In the case of
PPH-5, the arrangement of the cofactor in GRLBDm-HSP-90-PPH-5 complexes is similar to the
previous study on the binary HSP-90-PPH-5 complex (188). To illustrate these topologies, we
used the identified crosslinked peptides in docking calculations with HADDOCK and obtained
structural models for the dimeric GRLBDm-HSP-90 complex as well as the trimeric complexes
with the two TPR cofactors (222,223). These calculations bring both cofactors’ catalytic
domain in close proximity to the client, which may be setting the basis for the observed
cooperativity. The client may then be accessible to undergo transformations towards
dephosphorylation and receptor maturation. The cooperative complex formation and
hormone binding patterns seem similar in the nematode and human Hsp90 systems, albeit
the persistence of the “open” state is stronger for the human Hsp90B protein. Here, Fkbp-
containing and Pp5-containing complexes appear unable to perform the closing reaction
induced by ATPyS and only with the support of p23 are these rearrangements possible and
lead to the progression of the Hsp90 cycle. This data highlights that, despite the conserved
features of the cofactors, the different degree of flexibility within the Hsp90 protein from the

two organisms influences the principles during chaperone-cofactor-client complex formation.
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Figure 5.1 Hypothetical cycle of the C. elegans HSP-90 interaction with nematode cofactors
and the glucocorticoid receptor LBD. In the case of direct binding of GR to the HSP-90
machinery, cooperative client and cofactor (PPH-5 or FKB-6) binding occurs favoring the
indicated stoichiometry. Binding of nucleotide then leads to progression of the cycle towards
a more compact state of HSP-90 and to more efficient hormone binding. Upon p23 inclusion
in the HSP-90 assemblies, the closed state is stabilized. ATP hydrolysis may then trigger GR

and cofactor release. The figure was created with BioRender.com.
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5.2 Discussion on glucocorticoid resistance conferring mutation L773P

Glucocorticoid receptor is a remarkable molecule, whose exact properties, despite the
extensive research, are not yet clarified. We here attempted to gain some insight into the
conformational requirements for GR to bind ligand, coactivator and Hsp90p by observing the

behavior of a glucocorticoid resistant mutant.

Normally, upon agonist binding, a repositioned AF-2 forms a pocket with H3 and H5, forming
the lid of the ligand binding pocket (126). The extended strand following AF-2, where the hGR
L773P point mutation addressed in this study resides, seems to be crucial for hormone
binding, as truncation of it leads to an inactive receptor (139). Charmandari et al report that
the mutant receptor demonstrates decreased transcriptional activity but preserves its ability
to bind DNA, decreased affinity for ligand, delayed nuclear translocation, altered interaction,
only through the AF-1, with the NCOA-2 coactivator and exerts a dominant negative effect on
wild-type hGRa in vivo (132). This behavior is in agreement with the presented in vitro
investigations: the L->P mutation at position 773 does not seem to have overt effects on the
protein, but GRm L773P exhibited a 2.4-fold rate decrease in dexamethasone binding and an
altered in vitro interaction of the AF-2 with a NCOA2-derived peptide and also the Hsp90pB
chaperone. Moreover, the mutant receptor was found to be competent in DNA binding but

with altered dimerization properties.

Transcriptional coactivators develop multiple hydrophobic interactions via their LxxLL helical
motifs with AF-2 while this element is directly involved in ligand binding, in the case of
dexamethasone, through L753 (140). The H3-H5 interaction has previously been reported to
act as a switch, conserved among steroid receptors and crucial to receptor sensitivity for
ligand.(240) This study introduces a leucine at position 604 of GR’s H5, which may develop a
vdW interaction with G567 of H3 and leads to a receptor able to get activated by 10 times
lower steroid concentrations. H3 is also affected as a result of the partial unfolding of GR by
the chaperone Hsp70, which at the same time causes ligand release (105).In the previous
section, peptides from H3 were identified in crosslinked products with C.elegans Hsp90 (59).
Importantly, ligand binding residues N564 and Q570 that form three out of six hydrogen bonds
between GR and DEX. H8 has also been reported as an important switch for GR function and

the L687-690A mutation examined in the respective study, led to decreased transcriptional
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activity and association of GR with Hsp90 in vivo, without overt effects on receptor protein

stability (241).

H/DX analysis shows an overall more dynamic GRm L773P, both in the absence and presence
of Hsp90p. Significant changes concern H3, H5, H8, H9, B-sheet 2, H10, AF-2 and in addition
H1 in the presence of Hsp90p. These regions overlap well with the Hsp90B binding site while
hormone binding residues follow intensely altered dynamics. Taken together, this data
demonstrates the disruption of the hydrophobic network in GRs C-terminus that further
translates to an overall perturbation of the extensive conformational changes GR performs
upon ligand binding and besides AF-2, also affects GR elements distant to the mutation site.
Importantly, dimerization properties of the receptor are altered, even though the dimer
interface is on the opposite site of the molecule (Figure 5.2). Judging from Charmandari and
coworkers’ results and the altered dimerization properites and H/DX behavior of the DBD and
hinge regions of GR, it can be expected that the mutant receptor can not meet the
conformational requirements for proper domain communication and could therefore, serve

as a model to understand the domain interaction of this complex molecule.

Figure 5.2. Structure of dimeric GR LBD in complex with NCOA-2 peptide and DEX based on
PDB ID 1M2Z.
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Hsp90p is thought to maintain the ligand binding pocket in an open state and judging from
the extensive deprotection observed by H/DX, it seems probable that the point mutation leads
to an overall more exposed pocket. This would also explain the increased polarization rate of
F-DEX while binding to GRm L773P in the presence of Hsp90p: since the two species have the
same size, increased polarization should reflect the increased tumbling rate of F-DEX in the

deprotected pocket.

Hsp90B, however, does restore hormone binding to GRm L773P that coincides with the
suppression of H/DX changes observed in the absence of the chaperone. This may be
reflecting the buffering effect of Hsp90B on a mutated client protein. There are, however,
pronounced differences, in elements overlapping with the GR-Hsp90B interface, that
chaperone binding cannot overcome. Especially in the H9- B-sheet 2- H8 and H3-H5 interfaces,
perturbations persist. Comparing the non-mutated GR construct with GRm L773P supported
that proper contacts within the hydrophobic network of residues in GR’s C-terminus are

important for allosteric communications in this complex molecule.
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5.3 Discussion on transcriptional responses to dexamethasone and selective
Hsp90p inhibition

Microarray experiments and construction of gene co-expression cliques can help reveal
transcriptomic changes on unprecedented detail and may contain diagnostic value in
identifying modified biological pathways. This method was employed to compare the
responses of human HEK293 cells to dexamethasone and KUNB31, an Hsp90B-selective
inhibitor reported recently, and see whether we can, by selectively reducing Hsp90p activity
and bypassing the toxic effects of Hsp90 pan-inhibition, observe the changes in the
transcriptome. The ClusterEx algorithm (Klaus Richter, www.clusterex.de) could previously
perform well in elucidating the networks of the up- or down-regulated genes in response to
the expression of toxic polyglutamine proteins in yeast, based on co-regulatory relationships
obtained from the SPELL database and additionally predict further differentially expressed
genes. (230). The approach was also used to identify the differentially expressed gene clusters
after Hsp90-depletion in C. elegans and in both systems co-regulation clusters could be well
separated (229-231). Comparing the KUNB31 response to dexamethasone treatment and a
combination of dexamethasone and KUNB31 treatment, may help reveal chaperone-SHR-
specific genetic interactions and the results of selective Hsp90p inhibition on whole-genome
level. In principle, these responses should have co-expression cliques in common, as Hsp90 is
responsible for the transformation of steroid receptors to their hormone-binding competent

state (91).

Extracting the higher density patches as individual cliques from a genome-wide co-expression
database, based on publicly available microarray data, is a more challenging calculation for
the human compared to the yeast and C.elegans genome. ClusterEx would need further
optimization in order to yield a lower signal to noise ratio and construct human cliques as well.
The gene lists were, for the time being, filtered with the TAC software for significance and fold
change to extract some indications of modified pathways. Gene networks, based on these
gene lists and constructed with the GeneMANIA algorithm, show an individual response upon
each treatment (232). Even though it may be appropriate to also complement these analyses
with experiments performed in other time points or with higher KUNB31 concentrations,
these results already suggest pathways that may be affected and the enriched GO terms

provide a summary of the potentially modified biological functions. Scanning the network
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constructed for the Hsp90 interactome by Echeverria and coworkers for the hits identified in
the present study, already links a few protein-protein interactions to KUNB31 treatment but
is only a “test” approach for reading this data set, compared to hit-to-hit relationships

visualized in transcriptional cluster detail (38).

This search returned HTR2A, a G protein-coupled receptor of the serotonin receptor family,
NOS1, nitric oxide synthase, and NF1, Neurofibromin 1, hits that were not pronounced with
as strong fold change as other genes in this analysis, but were, nevertheless, significantly
affected and are involved in PPIs with Hsp90 cochaperones PP5, AHSA1 and DNAJC7 (Figure
5.3A, B). AHSA1 activates the ATPase activity of Hsp90 while the PP5 phosphatase
dephosphorylates a myriad of signaling proteins, like kinases and nuclear receptors that link
this cochaperone to a wide spectrum of cellular processes (65,221). DNAJC7, better known as
Tpr2, is a TPR domain-containing type Ill J protein, implicated in SHR chaperoning (87,242).
Tpr2, like the adaptor protein Hop, can bind to Hsp90 and Hsp70 simultaneously. Unlike Hop,
Tpr2 binding to Hsp70 in the presence of Hsp90 is ATP-dependent while Tpr2 cannot replace
Hop in Hsp90 chaperoning in vitro or in vivo.(87,242). In vivo, a change in Tpr2 expression
reduces GR activation, suggesting that Tpr2 is required at a narrowly defined expression level
and it was proposed that it acts as a recycling chaperone, mediating the return of substrates
from Hsp90 to Hsp70, so to earlier stages of chaperoning if further folding is required (87,242)
Tpr2 enhances p53 stability and activity through blocking the complex formation between p53
and MDM2 and more recently it was identified as a novel gene implicated in the development
of amyotrophic lateral sclerosis (243,244). The J domain of Tpr2 regulates its interaction with
the proapoptotic and cell-cycle checkpoint protein, Rad9, which was significantly down-
regulated (-1.2 fold change, p-value=0.0199) in the dexamethasone treatment but not in the

treatments containing KUNB31 (245).
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Figure 5.3. A) The identified interactors (NF1, HTR2A and NOS1) upon treatment with
KUNB31+DEX and their first neighbors are visualized (yellow) on the Hsp90 interactome
network constructed by Echeverria and coworkers (38). B) NF1, HTR2A, NOS1 and their first

neighbor interactors as extracted from the Hsp90 interactome network.
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Another member of the Hsp40 family, DNAJB3 was one of the most down-regulated genes in
the KUNB31 (-1.88 fold-change, p value=0.0274) but not in the DEX+KUNB31 treatment. This
protein was recently found to attenuate ER stress and to improve glucose uptake (246). Upon
DEX+KUNB31 treatment, but not treatment with DEX or KUNB31, DNAJC5 was downregulated
(-1.22 fold-change, p-value =0.0115). DNAIJC5 encodes cysteine string protein a (CSPa) that is
abundant in presynaptic vesicles to assure correct folding of synaptic proteins through

interaction with Hsc70 (247).

The C-type lectins CLEC18A and CLEC18C were significantly upregulated (1.62 fold up-
regulation, p-value= 0.0187) in the KUNB31 treatment but not the KUNB31+DEX treatment.
C-type lectins also emerged as hits upon down-regulation of Hsp90 in C.elegans (229). C-type
lectins are attractive therapeutic targets, better known for their involvement in innate and
adaptive antimicrobial immune responses and are increasingly being recognized as key
regulators of autoimmune diseases and many other aspects of multicellular existence
(248,249). Another member of the lectin family, galectin-3 was downregulated upon KUNB31
treatment (-1.17 fold change, p-value= 0.0018). This protein, LGALS3, interacts with LGALS3-
binding protein, LGALS3BP an Hsp90pB client (38,233). It is an increasingly used diagnostic
marker for different cancers while galectins cooperate with TRIMs to direct autophagy
(250,251). TRIM51HP was 1.54 fold upregulated in the DEX+KUNB31 (p-value= 0.0246) while
TRIM5; HBG2 was 1.5 fold downregulated (p-value= 0.04) upon dexamethasone treatment.
Several TRIM proteins are confirmed Hsp90 clients (38). Thorough visualization and linking of
the hits, that include many other interesting factors may help reveal the relevance of the

above observations.

TPR proteins should be able to compete for binding to the Hsp90 dimer and it has been
suggested that their impact depends on the relative abundance and mode of action of the
other TPR proteins present in the same cell (53,119). DNAJ proteins are responsible for much
of the functional diversity of Hsp70 proteins (252). Construction of up- or down- regulated
gene clusters reflecting treatments like SHR activation and/or Hsp90 inhibition, followed by
experimental verification of the observations, may help to better understand the context-
specific or client-specific roles of cochaperones and direct further in vitro investigations while

it may be possible to assign transcription factors to certain coexpression cliques.
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