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2. Abstract

2.1. Abstract

FKBP51 is a cechaperone known for its inhibitory role in GR signaling. Besides FKBP51, there
are multiple other co-chaperones known to interact with the GR, such as the small protein p23
which ensures the correct folding and activity of the GR. Understandng the complex formation

and protein-protein interactions in these complexes are crucial for comprehending the

regulation and activity of proteins.

In this work | analyzed the interaction of FKBP51 and p23 as well as the interaction of the GR
and p23.

| utilized photoinducible crosslinking which relies on the incorporation of an unnatural amino

acid at the surface of a protein. This unnatural amino acid can form a covalent bond with
another protein in the vicinity upon UV irradiation. The covalent bond formation can then be
analyzed by e.g. Western Blotting and deliver information about interaction sites between two

proteins.

| used this method in this work to show that (i) FKBP51 and p23 interact in dependence of
Hsp90; (i) the FKBP51-p23-Hsp90 complex can exist independently of the GR; (iii) the
interaction of FKBP51 and p23 can be partially abolished by addition of the GR; (iv) FKBP51,
GR and p23 can participate in a Hsp9Qassociated complex; and (v) FKBP51 enhances the
GR-p23 interaction while FKBP52 does not.

Taken together, | showed the existence of a FKBP5GR-p23-complex for the first time in cellulo.

In addition to the data about FKBP51-p23 interactions, | also provided novel insights into the
GR-p23 interaction: | showed that (i) the GR carries two distinct interaction sites with p23 ;
(i) each interaction hotspot binds to a different region of the C-terminal domain of p23; and
(i) the C-terminal tail of p23 is necessary to enhance the GR activity,even though it is not as

relevant for the int eraction of the probed GR residues with p23.

Overall, the data about the FKBP51p23 and FKBP5XGR-p23 interaction | gathered provide

additional information about the structures of the mentioned complexes in cellulo. This will



prove useful in the future for further understanding of the GR regulation and ultimately may

result in novel ways to manipulate the GR.

In addition to the FKBP51-GR interaction, | also investigated the role of FKBP51 in NFoB
signaling. | investigated multiple cell lines, different rea douts and stimuli and was not able to
determine an effect of FKBP51 degradation or inhibition on the NFeB activity in the chosen

context.




2.2. Zusammenfassung

FKBP51 i$ ein Ko-Chaperon, das fur seine inhibitorische Rolle im Glukokortikoid Rezeptor
Sighalweg bekannt ist. Neben FKBP51 gibt es noch andere&ko-Chaperone, die mit dem
Glukokortikoid Rezeptor interagieren und wichtig sind fur die korrekte Faltung und Aktivitat
des GR, zum Beispiel das kleie Protein p23. Die Bildung von Komplexen und ProteinProtein
Interaktionen in diesen Komplexen sind ein wichtiger Schritt zum Verstehen die Regulation und
Aktivitat des Proteins. Um dieses Ziel zu erreichen habe ich die Interaktion von FKBP51 mit p23

und vom GR mit p23 untersucht.

Ich habe U\tLicht induzierte Querverbindungen genutzt, um Informationen Uber
Protein-Protein Interaktionen zwischen FKBP51 und dem GR zu erlangen. Diese Methode
basiert auf der Inkorporation von einer unnatirlichen Aminosaure in die Oberflache eines
Proteins. Diese unnatlrliche Aminosaure generiert eine kovalente Bindung mit einem anderen
Protein in der Nahe durch Bestrahlung mit UV-Licht. Die Bildung dieser kovalenten Bindung
kann zum Beispiel Uber Western Blots analysiert werden und Information Uber die

Interaktionsoberflache von zwei Proteinen liefern.

Ich habe diese Methodegenutzt, um zu zeigen, dass(i) FKBP51 und p23 in Abhangigkeit von
Hsp90 interagieren; (ii) der FKBP51-p23-Hsp90 Komplex unabhangig vom GR existiererkann;
(iii) die Interaktion von FKBP51 mit p23 teilweise durch den GR verhindert werden kann; (iv)
FKBP51, p23 und der GR in einem Hsp9@assoziierten Komplex vorliegen kénnen und (v)
FKBP51 die GRp23 Interaktion im Gegensatz zu FKBP52verstarkt.

Zusammengenommae implizieren die genannten Ergebnisse die Existenz eines FKBP5GR-p23

Komplexes, der bisher noch nicht beobachtet wurde.

Zusatzlich zu den Daten tber die FKBP53p23 Interaktionen habe ich neue Informationen tber
die GR-p23 Interaktion generiert. Ich konn te zeigen, dass (i) der GR an zwei unterschiedlichen
Stellen mit p23 interagiert; (ii) jeder der beiden Interaktionshotspot s mit einem anderen
Bereich der Gterminalen Doméne von p23 interagiert und (iii) die C-terminale Domé&ne von
p23 notig ist fur die Steigerung der GR Aktivitat, obwohl sie nicht notwendig ist fur die

Interaktion von untersuchten Positionen mit p23.

Die Daten, die ich zu der Interaktion von FKBP51 mit p23 und FKBP51, p23 und dem GR

gesammelt habe, bietet zusatzliche Informationen tber de Strukturen der genannten Komplexe




in cellulo. Diese Informationen werden hoffentlich in der Zukunft nutzlich sein, um die

GR-Regulation besser zu verstehen und neue Wege zu finden, ihn zu manipulieren.

Zusatzlich zu der FKBP51GR Interaktion habe ich die Rolle von FKBP51 imNF-aB Signalweg
untersucht. Ich habe verschiedenen Zelllinien, Produkte und Stimuli getestet und konnte weder
einen Einfluss der FKBP51 Inhibition noch des Abbaus auf dieNF-aB Aktivitat zeigen.




3. Introduction

3.1. The FK50®inding protein family

FK506-binding proteins (FKBP) are a family of at least 15 identified proteins in mammals [1] .
They are named after their ability to bind the natural compound FK506, also known as
Tacrolimus, and as such belong to the group of immunophilins[2], [3] . Most family members
share a peptidyltprolyl cis/trans isomerase (PPlase) activity which facilitates the
interconversion of trans to cis bonds in the amino acid chain of other proteins There the trans
conformations are heavily favored due to their lower energy profile [3], [4] . FKBP12 is likely
the most well-known family member and plays an important role in cellular pathways such as

wound healing and calcium releasein muscles|[5], [6] .

The main family members | will focus on in the fol lowing work are FKBP51 and FKBP52, which
are encoded by theFKBP5and FKBP4genes respectively. Both FKBPs share about 60% sequence
identity, 75% similarity , and consist of three domains: (i) The N-terminal FK1 domain
possessing PPlase activity and providig a binding interface for FKBP ligands (ii) the structural
similar but enzymatically inactive FK2 domain (iii) the C-terminal tetratricopeptide repeat
(TPR) domain, which is relevant for structure and interaction with other proteins [7] (Figure
1).




TPR

Figurel: Structures of FKBP51 and FKBRP§X-ray structure of FKBP51 (PDB: 50MP) and B) predicted structure of FKBP52

(AlphaFold: AFQ02790). Domain labelling after Wu ¢7Hhl.

FKBP51 hasgained scientific interest due to its role in chronic pain, depression, and other
psychiatric disorders [8], [9], [10], [11] . Human FKBP polymorphisms associated with
expression and stability of FKBP51 were found to correlated with depression andwith pain
states after traumatic injury [12], [13] . FKBPknockout mice did not show any adverse effects
indicating the absence of adverse side effects after FKBP51 inhibition. This suggesteBKBP51
as a promising drug target for treatment of a variety of disorders, which involve the regulation

of the stress regulatory hormone axis, the hypothalamicpituitary -adrenal (HPA) axis [14] .

The HPA axis is a key regulator of stress signaling. Through a complex signaling cascade in the
brain and the adrenal gland, glucocorticoids are released and activate the glucocorticoid
receptor (GR) which in turn induces transcription and repression of stressrelated target genes.
One of the induced proteins is FKBP51, which in turn inhibits the GR. This negative feedback
loop initiated by the GR is essential for an appropriate and moderate stress responsgl5], [16] .
The role of FKBP51 in GR regulation makes it an interesting drug target since the dysregulation

of the HPA axis can lead to severe psychological issued 7] .

The FKBP5Imediated inhibition of the GR is dependent on the essential chaperone Heat shock
protein 90 (Hsp90) [18] . Hsp90 is one of the essential chaperones, providing assistance for
correct folding to a vast number of cellular proteins [19] . It is highly conserved and consists of

three main domains: The N-terminal domain (NTD), the middle domain (MD) and the




C-terminal domain (CTD). The NTD and MD are connected by a linker. Under physiological
conditions, Hsp90 dimerizes via the CTD[20] .

Both FKBP51 and FKBP52 bind with their Gterminal TPR domain to the MEEVDmotif in the
C-terminal domain of Hsp90 [21], [22], [23] . While both immunophilins bind in the same
manner to Hsp90, their effect on the GR activity is considered to be antagonistic: FKBP51
inhibits the GR activity while FKBP52 is relevant for the full GR activity [16] . However, the
details of how these very similar proteins can act in an antagonistic fashion are still not
understood. One key difference between FKBP51 and FKBP52 is the prolindch loop in the
FK1 domain, where FKBP51 carries deucine at position 119 and FKBP52 carries a poline. The
amino acids in this position show a structural difference: FKBP51 L119 projects inward while
FKBP52 P119 is turned outwards. Switching these amino acids between FKBP51 and FKBP52

also reverses their activity [24] .

Since stress is implicated inand contributes to many psychiatric disorders, the regulation of the
GR through FKBP51 remains a promising field of study to better understand psychiatric
disorders and hopefully provide chemical compounds to regulate the GR ativity through the
interaction of FKBP51 and the GR. It is paramount to have a complete understanding of the GR

and its regulation, especially for the development of novel drugs to treat psychiatric diseases.

In addition to the interaction of FKBP51 with the GR, there have been a humber of reports on
FKBP51 as a regulatory factor for other proteins: CDK4[25] , Akt [26] and DNMT1 [27], to
name a few, have been shown toeither bind FKBP51or their activity has been shown to be
influenced by FKBP51 One pathway in which the involvement of FKBP51 is still under
discussion, the NF-[B pathway, will be discussed in detail at a later stage. Along with the GR,
FKBP51 also interacts with other SHRs such as the androgen receptor (ARR8] , the estrogen
receptor (ER) [29], [30] , the mineralocorticoid receptor (MR) [31], and the progesterone
receptor (PR) [30], [32] . However, while for the PR the regulation via FKBP51is fairly well
understood and seemsvery similar to the GR, both the AR and ERremain controversial. For the
AR there seems to bea high degree of cell type-dependency whether FKBP51 plays an inhibitory
and activating role [33] . For the ER there is contradictory data on the influence of FKBP51 and
FKBP52 on ER activity[29], [30] .




3.2. The Glucocorticoid Receptor

The GR belongs to the family of steroid hormone receptors. It is a cytoplasmic receptor which
needs to undergo a complex maturation process with the help of multiple chaperones and
co-chaperones to reach its ligand bindingcompetent stage. The ligand binding results in further
conformational changes to provide a binding site for co-activators, subsequently translocating
to the nucleus, where it binds to the DNA as a dimer and ultimately acting as both an activator

and repressor d transcription [34] .

The 777 amino acid long protein consists of an Nterminal Domain (NTD), a DNA binding
domain (DBD) and a hinge region (HR) connecting to the C-terminal ligand binding domain
(LBD) (Figure 2) [35] :

Figure2: Overview over the GR domain&Rstructure, domain labeling afteFrank et al[35] and Picard et al[36]. DBD:

DNA binding domain, HRiinge region, NLS: Nuclear localization sequence.

The N-terminal domain is largely disordered but also harbors most of the identified residues
which are post translationally modified to finetune activity, such as phosphorylated
serines[35] . The NTD islikely very important for the regulation of activity since N -terminally
truncated variants of the GR show decreased transcriptional activation behavior compared to
the full-length GR [37] . Additionally, an activation function (AF -1), located in the NTD,
provides binding sites for other regulatory factors [38] . The N-terminal domain has resisted any

attempts at structural elucidation so far, due to its unstructured nature .




The DBD isnamed after two zinc finger domains (ZnF). The first ZnF mediates DNA binding,
while the second ZnF carries a dimerization loop which can conveythe dimerization of two GR

molecules[39] .

Neighboring the DBD is the first of two Nuclear Localization Signals (NLS). NLS1 is located in
the hinge region while the ligand binding domain harbors a second NLS[36], [40] . The exact
subdomain conveying the NLS2 has not yet been identified. The two NLS provide a binding site
for members of the importin family whic h mediate the nuclear import of the protein to the
nucleus[41], [42] .

The last domain, the LBD, is made up of 12] -helices and four  -sheets. Together they form a
three-dimensional structure which build s a regulatable binding pocket for ligands. Of the 12
helixes, two have been identified to be dramatically rearranged during the maturation process:
Helix 1 provides the lid of the binding pocket and Helix 12 forms the binding site for
co-activators after ligand binding [43], [44] .

The GR undergoes a omplex maturation cycle involving an array of chaperones and
co-chaperones Figure 3). The mechanistic details of this cycle are still controversially discussed

with conflicting evidence for the exact order of co-chaperones entering and leaving the complex.




Maturation complex

pd

Hsp90

GR Activation

Figure3: Schematic representation of the GR maturation cyclmodified after Noddings et al [45]. Loading complex:
PDB7KW?7, maturation complex: PDB: 7KRJ, FKEP81sp90: PDB: 8FFW and FKBBRHsp90: PDBBFFV. The
Hsp70Hsp40GR comple is modelled after the structure Hsp70 provided by PDB: 7KW7 and a structure of Hsp40 generated
by Alphafold (ARQ6FHS41)[46].
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Initially, the partially unfolded GR is bound by the heat shock proteins 40 (Hsp40) and

70 (Hsp70) [47] . Hsp70 and the Hsp90-Hsp70 organizing protein (Hop) facilitate the loading

of the GR onto a complex with Hsp90. This GRHsp90-Hsp70-Hop complex was termed the
client-loading complex [48] (Figure 4 A):

Figure4: CryoEM structure of the client loading complex: Blue: Hsp90, orange: Hsp70, tédp, yellowGR. (PDB: 7KW7)
[48] B: Partial structure ahe client loading complex with one Hsp90 monomer (blue) and the GR (yellow) threaded through

the Hsp90 lumen. Other proteins are omitted for clarity. Helix 1 is marked in red.

In this complex, two Hsp90 monomers interact only with their respective C-terminal domain
while their N -terminal domains are arranged in a V shape around the client. The GR is threaded
through the lumen between the two Hsp90 dimers with Helix 1 residing on the opposite side of

Hsp90 of the GR®EP (Figure 4 B).

The loading complex consists of two Hsp70 molecules binding to the Nterminal domain of
Hsp90 with each Hsp70 molecule likely having a distinct role. One Hsp70 has a scaffaling role

while the other provides a binding interface for the client [48] . Both Hsp70 molecules need to

11




disassociate to finalize their ATPase cycle, making it possible for Hsp90 to undergo a dramatic
conformational change which moves the open structure of the Hsp90 dimers to the closed,
clamp-like formation around the GR. During this process, the lid of the nucleotide binding
pocket in the Hsp9ON'™® closes.The last component is one Hop molecule, a protein thought to
provide important stabilization function to the whole complex by binding both Hsp70 and
Hsp90. Since Hop cannot bind the closed state of Hsp90, it is likely expelled during the closing
process ofHsp90 [47] .

The ATPase function of Hsp90 has been controversially discussed. The Hsp90 dimers are
considered to be either open or closed, depending on the distance between the NTDs of each
monomer. In the open stage, the two NTDs are V shapedATP binding induces the closing of
the lid and also the conformational change of the Hsp90 dimers to a closed conformation[49] .
The hydrolysis of ATP opens the clamp and releases the clien49] . However, the mammalian
Hsp90 is considered to be a very weak ATBse[22] . Hsp90 can bind both ATP and ADP but if
ATP has to be hydrolyzed or if it can be exchanged against ADP is still under discussion. A
recent publication proposed that the nucleotide exchange is the crucial step in Hsp90 function
with ATP hydrolysis providing a failsafe to open Hsp90 in case of failure of client maturation
[50] .

After ATP is bound, the small co-chaperone p23 canalso bind, resulting in the newly formed
complex of the closed Hsp90-GR and p23 [51] . This complex was termed the mauration

complex and resolved by CryeEM by Noddings et al. (Figure 5) [52] :

12




Figure5: CryoEM structure of the Hsp9@Rp23 complex Structuresof Hsp90 (blue), GRP (yellow) and p23 (green)
(PDB7KRJJ52].

Inside the GR®P is a density visible, corresponding to a ligand, indicating that this structure

captures the complex in the ligand bound state.

One p23 molecule contacts both Hsp9®'™ and the GRBP (Figure 5) [52] . p23 comes into direct
contact with Hsp90 with its core domain and part of the C-terminal tail. The structure only
resolved p23 partially up to amino acid 133, likely due to the high flexibility of the remaining
27 amino acids. The Gterminal helix of p23 is clearly resolved and shows a direct contact with

the hydrophobic patch of the GR2P, consisting of helix 10, on the LBD of the GR (Figure 6):

13




Figure6: Detailed view of the interaction between p23 and the GRoth p23 (green) and the GR (yellow) are in complex
with Hsp90 (blue). p23 contacts the GRhwis Gterminal tail (dark green) at Helix 10 (red). (PDB: 7KRJ).

The GR is threaded through the lumen of Hsp90 but unlike in the loading complex, Helix 1 is
now on the same side of Hsp90 as the LB)52] (Figure 7):

Loading Maturation
Complex Complex

Figure7: Comparison of the GR structure in the client loading complex and the maturation com@@GR (yellow) as part
of the loading complekound to Hsp90 (blue) The second Hsp90 monomer is omitted for clarity. Hélis32¢ VV538) is
marked in red. (PDB: 7KW7) B) GR (yellow) as part of the maturation conapied to Hsp90 (blue). The second Hsp90
monomer is omitted for clarity. Helix 1 (L58%538)is marked in red. (PDBKRJ).

14




Helix 1 is in dramatically different positions in the maturation complex compared to the client
loading complex (Figure 7): The GR is partly moved through the Hsp90 lumen, resulting in
Helix 1 to be on the same side of Hsp90 as the LBD, closing the lid of the binding pocke{52] .

When the two FKBPs, FKBP51 and FKBP52, are entering this complex is still controversially
discussed. As already mentioned, FKBP51 and FKBP52 show antagonistic behavior on the GR
activity: FKBP51 inhibits the GR while FKBP52 is a necessary factor for full ® activity.

Recently, both Noddings et al.[45] and our group in Baischew et al. [18] further elucidated
the interaction between FKBP51/52 and the GR:

Noddings et al. published two high-resolution cryo-EM structures of the Hsp90GR-FKBP51 or
FKBP52 @mmplex to enhancethe knowledge about the structural differences between the two

complexes.

15




Figure8: CryoEM structure of the Hsp9@GRFKBP51 complexBlue: Hsp90 dimer, yellow: &Rand pink:FKBP51 (PDB:
8FFW]45]. A)CryoEM structure oHsp90GRFKBP5tomplex. B) Display of the Hsp@RFKBP51 complex with one Hsp90
monomer omitted for clarity. Helix 1 is markedgreen C)Display of the partial Hsp9GBRFKBP51 complex with one Hsp90
monomer omitted for clarityandthe same view as in. B5Rex 10js marked ifight orangeand Hsp96rcoor is marked iright

blue.

FKBP51 binds to Hsp90 via its TPRIomain and forms extensive contacts with the GR®P through
its FK1 and FK2 domains and the Nterminal part of the TPR domain (Figure 8 A). The closed
state of Hsp90 is stabilized bymolybdate and the GR is ligandbound. Compared to the structure
of the maturation complex, the GR®Pis rotated by approximately 45 degrees. Helix 1hasmoved
closer to FKBP51 Figure 8 B). Helix 10, seen to interact with p23 in the maturation complex,
is now turned towards the Src loop of Hsp90 (amino acid 345-360) ( Figure 8 C). p23 was added

during the crystallization but no den sity corresponding to p23 could be detected[45] .
16




In addition to the Hsp90-GR complex with FKBP51, Noddings et al. also published a Cryd&eM

structure of a similar complex containing FKBP52 instead of FKBP51Kigure 9):

Figure9: Cryo EM structure of the Hsp9BRFKBP52 structureBlue: Hsp90, yellow: GRPand cyan: FKBP52 (PDB: 8FFV)
[45].

Interestingly, the structure of the GR and Hsp90 look identical to the complex with FKBP51,
especially regarding the rotated position of the GR. The interaction sites of FKBP52 with the GR

are very similar to the interaction sites of FKBP51 but the angles of the domain differ slightly.

The main observable difference is the FKBP*-GR interface. In this interface, especially the
proline-rich loop, lies the suspected main difference between FKBP51 and FKBP52. FKBP51
carries aleucine at position 119, while FKBP52 carries a proline. Structurally, the proline-rich
loops of FKBP51 and FKBP52 differ in orientation towards the GR and it is hypothesized that
the differential interaction with the GR could be responsible for the differences in effect of
FKBP51/52 on the GR activity. A swap of the two amino acidspartially reversed the functional

effects on GR ligand binding activity [45] .

Baischew et al. probed the surface amino acids for FKBP51 and FKBP52 for interaction with

the GR and found a very similar interaction interface of the FKBP domains with the GR[18] .

17




The order of association and disassociation of cechaperones during the GR maturation cycles

has still not been elucidated in full detail.

3.3. The role of p23 in Hsp90 bindirend SHR maturation

One of the other co-chaperones found to be important for GR maturation is the small,
ubiquitously expressed cochaperone p23. It is encoded by the genePTGESand consists of 160
amino acids forming a 23 kDa protein. p23 consists of acore domain made up off -sheets and
a Cterminal tail ( Figure 10). The N-terminal part of the C-terminal tail folds into an | -helix
and the remaining amino acids are highly disordered, likely due to a large proportion of the
negatively charged aspartic acid presentf52] . p23 can be mainly found in the cytoplasm but

was also found in a SHRmediated DNA bound complex[53] .

The core domain was considered to be thepart interacting with Hsp90 while the C -terminal tail
is considered to be irrelevant for the Hsp90 binding [54] . However, the recent CryoEM
structures of the Hsp90-p23-GR complex reveals that also a part of the Gterminal tail shows
limited binding capacity to Hsp90. The main portion of the C -terminal tail is too disordered to
be resolved [52] . The experimentally found three-dimensional structure of p23 and the

full -length structure predicted by Alphafold can beseen inFigure 10:

18
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C-terminal tail

Figure10: CryoEM and predicted structures of p23A: p23 Cryd&M structure of p28142in complex vith Hsp9GGR.
(PDB7KRJ, all other proteins omitted for clarifpR] B: predicted structure of p23 (AlphafoldFQ15185F1)[46]. Light

green: -sheet core domairforestgreen:Gterminal helix, chartreuse: @rminal tail.

There is conflicting evidence about the role of p23 during the SHR maturation. Initially, p23

was found to enhance the GR activity [55] . This mechanism was partially explained by the
finding that p23 can act as an inhibitor of the ATPase function of Hsp90, thereby prolonging
the interaction of Hsp90 and its client and ensuring the correct folding of the client [56], [57] .
p23 only binds to the closed conformation of Hsp90, likely with a stabilizing effect [58], [59] .
However, Wochnik et al. observed an inhibitory effect of p23 overexpression on GR activity
which relied exclusively on the Hsp90 interaction of p23 and is indispensable of the last 35
amino acids of the Gterminal tail [54] . Despite this conflicting evidence, p23 is generally
consideredto be a stimulatory factor for GR activity, hypothesized to guide the client to bind

to Hsp90 with its C-terminal tail and decelerating the ATPase activity of Hsp9Q[57] .

In addition to the role in GR maturation, it is also proposed that p23 translocate s to the nucleus
with its clients to act as a regulator in the later stages of transcription or to play a role in
dissociation of the GR from DNA[53], [60]

In addition to the mammalian p23, there is a close relative in yeast, called Sbal, encoded by
the SBAlgene which has been a subject of study This relative is bigger than p23 by 46 amino
acids and shows a comparable threedimensional structure. Similar to p23, Sbal has an
unstructured C-terminal tail with a helical segment hypothesized to be able to interact with the

GR[57] . A crystal structure of a Sbal complex with the yeast Hsp90 homolog, Hsp82, shows
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two Sbal molecules bound on each side of Hsp82[Figure 11) [61] . Again, only the core domain

is resolved while the Gterminal tail was not crystallized.

Hsp82 Hsp82

Figurell: Two Sbal molecules bind to the Hsp82 dime2rystal structure of the Hsp82 dimer (yeast Hsp90) and two Sbal
(yeast p23) molecules (PDB: 2C[59].

Sbhal binds at the cleft between the two Hsp82 monomers at three distinct interfaces, very
similar to the structure displayed in Figure 5. The binding requires a closed lid of the ATP
binding pocket, supporting the hypothesis that p23 only binds to Hsp90 in the closed state. In
the Sbal-bound state, the NTDs of each Hsp82 monomer are closer together than the dimer
without Sbal. The lumen of the Hsp82 dimer decreases with the convergence of the two
proteins. In this closed conformation, the hydrophobic patch on the surface of Hsp82is buried
between the monomers and no longer solvent exposed. The structure was crystallized in the
presence of AMRPNP, an ATP homolog that is not hydrolysable, locking Hsp82 in the AMPPNP
bound state with a closed lid [61] .

The key residues are considered to be conserved between yeast Hsp82 and mammalian Hsp90,
allowing for the comparison of the yeast and mammalian homologs. Additionally, the core
domain of p23 and Sbal are structurally well conserved, allowing to compare the Hsp90-p23
to the Hsp82-Shal complex. It is therefore possible that the mammalian Hsp90 could also
accommodate two p23 molecules simultaneously on each side of the dimer. No structural data
of Hsp90 with the GR and two p23 molecules bound was yet provided. However, a Cryoc-EM
structure of Hsp90 with a partial structure of the aryl hydrocarbon receptor (AhR) was already
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resolved with two p23 molecules bound to one Hsp90 dimer [62] . Additionally, the dual
binding of two p23 molecules to one Hsp90 dimer was also observed by Ebong et al. by native

mass spectrometry aided identification of in vitro assembled complexe463] .

However, the Cterminal tails differ in length, limiting the comparability of p23 and Sbal

between mammals and yeast.

FKBP51, FKBP52 ang?23 all play a role during the maturation of the GR. The interplay between
these accessory proteins is still not completely clear as is the order of association and

dissociation:

Schilke et al. found that FKBP51 and p23 interact with Hsp90 and hypothesized that FKBP51
stabilizes the Hsp90p23 interaction [30] . FKBP51 and p23 have also been observed in one
complex with Hsp90 by Lee et al [21] (Figure 12):

FKBP51™*R

FKBP51

Figure 12: Cryo-EM structure of the Hsp90 -FKBP51-p23 complex: Cryo-EM structure of Hsp90 (blue), FKBP51
(pink) and p23 (green). (PDB: 7L71) [21]

The closed conformation of Hsp90 is stabilized by AMPPNP[21] . FKBP5I"R binds to the CTD
of Hsp90 as seen in the previously mentioned structure of FKBP54GR-Hsp90 (Figure 8) [45] .
The core domain of p23 binds to the NTD of Hsp90 but on the opposite side of Hsp90 compared

to FKBPS5L1. Interestingly, in contrast to the yeast structure, only one p23 molecule is clearly
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resolved. Lee et al. also found a structure with a partial density corresponding to p23 on the
same side of Hsp90 as FKBP51 but not on both as observed in the yeast structure. They did not

hypothesize on the functional relevance of p23 binding on either side of Hsp90 [21] .

The space between FKBP51 and Hsp9(n the Hsp90-FKBP51 complex Figure 12) is not
sufficient to accommodate for a client protein, indicating that there needs to be some structural

rearrangement of FKBP51to make space for any client.

In addition to the GR, p23 was also found to interact with other SHRs such as the PR64] , the
AR[53] and the ER[55] .
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important transcription factors involved in inflammation, the innate immune system, cancer,
and other cellular regulatory pathways. The family consists of five members, all sharing the Rel
homology domain (RHD) through which DNA binding i s mediated: NF{B1 (p105/p50),
NF[B2 (p100/p52), RelA (p65), RelB and c-Rel [65] .

The pathway can be activated by numerous extracellular signals binding to their respective
receptor [66] . One of the most prominent and best researched is the tumor recrosis factor
(TNFy), binding to the TNF ] receptor (TNFR) (Figure 13). When the ligand binds to the
receptor, the receptor, along with some accessory proteins,phosphorylates the inhibitor of
nuclear factor kappa-B kinase subunit and  (IKKy{/r) which exist in a complex assisted by
the structural protein IKKr (also known as NFkappa-B essential modulator (NEMO)). KK/t
both have kinase activity and after their activation via phosphorylation, they go on to
phosphorylate the inhibitor of [B, 1 (I[B]). As the name suggests, [B] is an inhibitor of the
NF-{B family members by binding and masking their NLS. The IKkmediated phosphorylation
leads to ubiquitination and subsequent degradation of I[By . This frees the NLS of NF[B family
membersand allows for the processing and translocation of NF[B to the nucleus. There they
bind DNA as hetero- or homodimers and induce transcription of their respective target genes
[65] . The target genes of NF-[B are involved in proliferation and cell survival, the immune -

response and autophagy[67] .

This is only a short and simplified summary of the NF[B pathway (Figure 13).
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NF-xB complex

Degradation

IxkB

Figurel3: Simplified overview over the NF{ B pathway Receptor activation leads to activation of the IKK complex. IKK
phosphorylatesyBj, one component of the NfB- lyB) complex. The phosphorylation results in the degradatiory & |

freeing the NLS of NFB. NF[B can be recognized by their open NLS by accessory proteins and translocate to the nucleus to
bind to the DNA. The figure $implified after Hayden et Gho$66].

In addition to the canonical NF-[B pathway, another pathway termed the non-canonical

pathway has emerged:

In contrast to the canonical pathway, the non-canonical pathway has been found to be slow to
react and play a role in the longtime development of lymphoid organs [68] . Stimuli such as
LT R, BAFFR, CD40 or RANK bind to their corresponding receptors, leading to the
phosphorylation of NF-{B-inducing kinase (NIK). This phosphorylation is the signal to stop
degrading NIK, leading to the accumulation of NIK in the cytoplasm. The accumulated NIK can
then, in turn, phosphorylate IKK{ which phosphorylates p100. The phosphorylated p100 is
processed and partially degraded, resulting in the protein p52. p52 forms a heterodimer with

RelB and translocatesto the nucleus to induce transcription [68], [69] .

The canonical NF[B pathway is reported to be quickly induced and transient, the non-canonical
pathway however is reported to be slower to be established but longerlasting due to the central
step of synthesizing NIK. It is therefore considered to be very likely that the two pathways fulfill

different biological roles. Both pathways are considered to be closely linked, sharing some

24




signaling proteins and engaging in intensive crosstalk. However, the norcanonical pathway
has only come into focus in recent years and thereforeneeds further research to fully reach the

gathered knowledge of the canonical NF[B pathway.

In addition to the five members of the NF-[B family, there are other associated transcription
factors, such as nuclear factor of activated TFcells (NFAT), of which the five members also have
an RHD[70] . In contrast to the receptor-mediated activation of NF-[B, NFAT is mainly activated
by calcium influx which leads to the activation of calcineurin. Calcineurin dephosphorylates

NFAT, resulting in a change in conformation which in turn exposes an NLS. The activated NFAT

can then in turn translocate to the nucleus and also act as a transcription factor[70] .

In addition to the mentioned NF -[ B pathways, there are numerous other proteins which interact
with NF-{B such as Akt, Jnk, ATM, p53 and theGR [71], [72] . The interplay between NF[B
and the GR seems to be highly dependent on cell type and stimulusiependent but the GR is
considered, in general, to be an antagonist of NF[B. This antagonistic interplay seemsto
depend on multiple layers, such as the GR transrepressing N B target genes and tethering

NF-{B family members in the cytoplasm[73] .

3.4.1.The role of FKBP51 in the NB pathway

FKBP51, and to some extent FKBP52, were found to be involved with NHB regulation.

However, the details of this interaction remain enigmatic.

Initially, FKBP51 was found to directly interact with IKK | in a study elucidating the interactome
of NF-[B. In addition to the direct interaction, they also showed that the absence of FKBP51
decreases the NF[B activity and concluded an important role of FKBP51 in NF[B
signaling [74] . Multiple other groups took this as a base for further investigation into the role
of FKBP51 in the NF{B pathway in different cellular contexts, reproducing the interaction of
FKBP51 and IKK [75], [76], [77] . In addition, they also provided some theories about the
functionality of this interaction which is still highly controversial: Kastle et al. showed the
importance of FKBP51 in the NF[B pathway in translocation of NF-[B family members [78] .
Romano et al. however, showed a role of FKBP51 on the kinase function of the IKikcomplex by

recruiting the kinase TAK1 to the IKK-complex [79] . In addition to the differing data on the

25




functional role of FKBP5LIKK] interaction, there is also more research on other interaction
partners in the NF[B pathway: IKKy has also been shown to directly interact with FKBP51 by
some groups while others could not find an interaction with IKKy [77], [79], [80], [81] .Zannas
et al. showed a Dexdependent interaction of FKBP51 with IKK}, enhancing the interaction of
IKK] with the activating kinase NIK. In contrast to the other publications, this would also hint
more in the direction of the non -canonical pathway sinceNIK plays an essential role in this[82] .
There is also an array of publications investigating interactions of FKBP51 with other members
of the NF-[B pathway [83], [84], [85]

Despite the controversies within the data, almost all publications found that either the absence
of FKBP51 decreases N B activity or the presence of FKBP51 increases the NfB activity. This
finding would indicating a stimulat ory role of FKBP51 in the NF[B pathway.

The only publication to show vastly differing results is by Erlejman et al., showing an inhibitory
effect of FKBP51 on NF[B translocation while also ascribing FKBP52 a functional role in

translocation [86] .

In addition to the studies performed in cellulo, there have also been some hints that FKBP51 in
general plays a role in cancer, which was another starting point for finding out if this is due to
the role of FKBP51 inNF-[B regulation. It was shown that FKBP51 is highly expressed in many
different types of cancer cells, indicating a functional role in aberrant proliferation or survival
of cancerous tissue [87], [88] . However, this observation does not deliver proof for a
biologically relevant interaction of FKBP51 with NF-{B but might hint at a generally relevance

of FKBP51 in cellular pathways.

These findings provided evidence for a direct interaction between FKBP51 and especially IKK
replicated across multiple cell lines and assays. Taken together, the data hints that FKBP51 is a
positive regulator of IKK] activity. However, there is no consensus on the mode of action of
FKBP51. It does not seem realistic that FKBP51 influences the IKKactivity through multiple

different mechanisms.

Transient interactions can be difficult to capture in cellulo. Additionally, it can be problematic
to determine the effect of the overexpression or knockdown of single components could play in
a complex context such as a cell. Therefore it is challenging to draw a conclusion from

contradictory data.
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Many open questions remain in how FKBP51 interacts with the NF[B pathway partially due to
contradictory data. There are a limited number of possibilities worthwhile to explore:

(i) FKBP51 could bring together IKK subunits and a kinase or E3 ligase via its scaffoldg
function; (ii) FKBP51 acts via its TPR domain on NF[B by restructuring a modifier of IKK,
(i) FKBP51 has a yet undiscovered novel function(iv) In addition to direct interactions with

members of the NF[B pathway, it is also possible that FKBP5Iaffects the N~[B pathway via a
crosstalk with other pathways such as the GR (v) FKBP51 interacts with members of the NF[B

pathway via Hsp90, which assists a vast array of proteins in their correct folding.
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3.5. Investigating proteinprotein interactions with photoinducible amino acid crosslinking

Protein-protein interactions are important modes for the regulation of proteins, conferring post
translational modifications, co-chaperone activity and assistance in localization. The
investigation of these interactions can give hints about the regulation and activity of a protein,
ultimately providing knowledge for manipulating the activity of an enzyme. Many traditional
methods have been established to investigate these transient interactions such as
immunoprecipitation, pull -down-assays, Forster resonance energy transfer (FRET), nuclear
magnetic resonance (NMR), yeasttwo-hybrid assays, just to name a few[89], [90] . However,
transient interactions mainly found in regulatory pathways are difficult to capture with

traditional methods.

One tool to investigate protein-protein interactions is the utilization of unnatural amino acids
to capture the proteins in their functionally relevant stages by photo-inducible covalent

crosslinking.

The genetic code can be expnded by utilizing the Amber Stop Codon. This codon is rarely used
as a stop codon in mammals and therefore can be used to integrate an unnatural amino acid
The amino acid is added to the cells alongside an orthogonal tRNA and tRNA synthetase
allowing for integration of the unnatural amino acid instead of termination of the amino acid
chain. In this way, a multitude of amino acids with desired physicochemical properties can be

integrated into any protein.

In this work | focused on one amino acid, para-benzoyl-phenylalanine (pBpa). This
benzophenone forms a covalent bond with a CGH bond of any protein in the vicinity with a

preference for methionines[91] .

Just as for every method, there are some limitations to consider which could influence the
obsened protein-protein interaction: pBpa shows a preference for reacting with methionines.
If a methionine is in the vicinity, the methionine can be pulled towards the pBpa, thereby
altering the interaction interface [91] . Additionally, this unnatural amino acid has a limited
range of about 13 A in which it can react and is considered to be fairly rigid compared to other
covalent crosslinkers [91] . The UV-light induced reaction is very fast (100 - 120 us) and

therefore provides a snapshot of the proteinprotein interaction [92] .

Therefore, UV-induced crosslinking can provide information with a high degree of spatial
resolution.
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However, the integrated pBpa can impact the protein-protein interaction itself if it replaces an
amino acid that is essential for the interaction. In addition, due to the bulky nature of the
unnatural amino acid, it could also influence the three -dimensional structure of an interaction
site. Proteins are flexible and prone to changing their structure and also partially the surface
exposure of specific amino acids during folding. Therefore, it might be necessary to probe

multiple residues to investigate protein-protein interactions.

Due to the nature of this setup, the POI pBpa variant has to be introduced into the cells on a
plasmid, therefore already influencing the intracellular protein makeup of the cell. This method,
therefore, can only deliver limited information about endogenous protein -protein interactions

since at least one component is always overexpressed.

In addition to i nvestigating protein interaction interfaces, this method can also be used to
investigate novel interaction partners: Short lived, transient interactions are stabilized by the
covalent bond and after enrichment of the POI, the interaction partner is also erriched and can

be identified via mass spectrometry (MS).

In general, photoreactive crosslinking is very well-establishedin vitro and was utilized in the
research of Gprotein coupled receptors (GPCR)[93], receptor-ligand interaction [94] and

signaling cascadeq95] .

Our group generated plasmid libraries for proteins of interest (POI) where on each plasmid a
different codon encoding a surface amino acid is replaced with an Amber stop codon, TAG. At

this site, an unnatural amino acid is then incorporated during translation.

This allows for the investigation of interaction interfaces with single residue resolution by
expressing the pBpa variants in cells and screening for interaction. The covalently linked protein
can be observed by a nass shift on a Western blot in addition to the expression band of the POI.
Additionally, the successful capture can also be readout using other downstream methods such
as enzyme linked immunosorbent assay (ELISA). Utilizing this method, it is possible to nap

protein-protein interaction surfaces by analyzing large-scale libraries of the POI.

Photocrosslinking has been proven to be a powerful tool to investigate proteinprotein
interactions. In the following dissertation, | extensively used photocrosslinking as a tool to
investigate protein complexes, complex composition and proteinprotein interaction influenced

by other proteins.
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4. Results and Discussion

4.1. Investigation of the interaction between FKBP51 and-|NB

In this chapter, the investigation of the interaction between FKBP51 and NF-[B will be
presented and discussed. The interaction of FKBP51 and NHB was initially investigated by
treating cells with FKBP inhibitors and subsequent NF[{B stimulation [82]. If FKBPs are
involved in the regulation of NF-{B, the inhibition of FKBPs could affect the signal of the chosen
readout. If FKBP51 has a scaffolding function in NF{B regulation, degradation of FKBP51 could
also impact N~/ B activity.

| utilized well -known stimuli of NF-[B activity: The tumor necrosis factor U (TNFU),
interleukin 1 b (IL-1b Yand a combinatorial treatment of phorbol myristate acetate and
lonomycin (PMA/1). | also chose cell lines for which an interaction of FKBP51 withNF-[B had

already been reported before.

TNFy is a ligand of the TNF receptor (TNFR). After TNF binds to its receptor, the IKK complex
is recruited, aided by an array of accessory proteins,and activated by phosphorylation [96] .

TNFy is one of the bestknown stimuli of NF-[B activity.

IL-11 is an interleukin shown to stimulate the NF[B activity by binding to the IL-1 receptor
(IL-1R) [97] . It was previously shown to induce NF-[B in the human epithelial lung cancer cell
line A549 [78].

PMA/I was shown to stimulate NF-[B in the T lymphocyte cell line Jurkat [82], [98] . PMA
activates the protein kinase C (PKC) which in turn phosphorylates and activates the IKK complex
[99] . lonomycin has also been shown to activate theNF-[B family member NFAT [100] . Both

together have been shown to robustly induce interleukin expression in T cells[101] .

The NF-[B activation in a cell line relies on the expression of the respective receptor and all
other necessary accessory proteins. Therefore, not every cell lineeacts to every stimulus with

an NF-[B-mediated response.

In this chapter | focused on two different readouts for the NF-[B activity: First, | investigated
the phosphorylation of 1yBJ as a quickly induced signal already shown in the literature to be

dependent on FKBP51 interaction with IKK) or . In addition, the phosphorylation and
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subsequent ubiquitination of IyB) are essential steps in the process of canonical N{B
activation. Second, | also measured the expression of the Nf B target gene IL8 via a saadwich
enzyme-linked immunosorbent assay (ELISA). This wellestablished method allows for easy and

quantitative measurements of protein expression in a high throughput system.

| decided to pursue the phosphorylation of 1[B] and the expression of IL8 because the
phosphorylation of | [B) is one of the initial steps of the NF[B pathway and considered to be
fairly independent of type of stimulus of the canonical pathway. The IL8 expression is at the
very end of the signaling casade and a manipulation of FKBP51 should therefore show an effect
even if the FKBP5XNF[B interaction is not IKKJ /1 -mediated.

4.1.1.The interaction between FKBP51 and{{IB in human TLymphocytes

As mentioned in chapter 3.4.1, there is some evidence indicating that FKBP51 influences the
phosphorylation of 1 [B) by interacting with the IKK complex. To replicate this, | treated Jurkat
cells with in -house FKBP51 inhibitors SAFit1[102] and 195M¢[103], the FKBP51 PROTAC 10a4
[104] and the commercially available IKK; inhibitor BI605906 [105] as a positive control

before stimulation with TNF J .
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Figurel4: FKBP51 inhibitiordoes not influence the phosphorylation adfy B : Western Blot of phosphorylated IKEnd
Cyclophilin B as a loading control in Jurkat cells. Cells were treated witiVR50a4for 24 hours and with 1M 195ME
SAFitl and BI6059036r 1 hour. The NF B pathway was stimulated with 20 ng/ml TNfor 5 minutes.

The phosphorylation of I[B) is induced by treatment with TNF| (Figure 14). However, only
the treatment with the IKKy inhibitor BI605906 shows the inhibition of the phosphorylation.
Neither the pan-FKBP family inhibitor 195™¢, the PROTAC 10a4 at an effective concentration
(Supplemental Figure 1) nor the FKBP51 selective inhibitor SAFitl shows any effect on
phosphorylation levels. This shows that neither the interaction with FKBP517! domain nor the

presence of FKBP51 is necessary fdKKy /[ activity in this setup.

This result is in contrast to what is described in the literature where the overexpression of
FKBP51 was shown to increase the IKK phosphorylation and NF-[B activity. In addition,
FKBP51 was also shown to directly interactwith IKK) [82] . This could indicate a more relevant

role of FKBP51 within the non-canonical NF{B pathway.

Regardless,| did not observe an effect of FKBP51 inhibition on I[By phosphorylation, making
the TNFy -induced direct interaction of FKBP51 with the IKK complexunlikely in Jurkat cells.
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4.1.2.The interaction between FKBP51 and{{IB in human FKBP knockoutlfimphocytes

One possible explanation for the discrepancy betweerthe literature and my own results is the
possibility that other close family members take over the role of FKBP51 and mask the inhibitory
effect. To circumvent this, | changed the approach and used human flymphocyte cell lines in

which one FKBP family membereachwas knocked out using CRISPR/Cas9.

Thanks to a collaborator, | was able to utilize the following Jurkat FKBP knockout cell lines:
FKBP51ko, FKBP52ko and FKBP12k¢5]. The verification of the knockout is shown in
Supplemental Figure 2. This allowed me to investigate the role of FKBPs in NF[B regulation in
a background without the possibility of another family member masking the effect of FKBP51

inhibition.

Wildtype FKBP51ko FKBP52ko FKBP12Zko
DMSO +H| -+ +H] -] - + -+ -]- DMSO +Hl -1+ +H] -] - +l-|+H|+H]-|-
BI6O5%06 | - |+]|-|-]-1]- -1+ -1-1-1- BI6O5%06 | - |+ -]-|-]|- -l+l-1-1-1-
1024 -l-1-1-1+]+ -1-1-1-|1+]+ 10a4 -1-1-1-1++ -l1-1-1-1+|+
TNFa -+ +H|FH]+H] T -+ +H|+H|H]| T+ TNFa -+ ]|+ |+ -+ |+ ]|+
e D 1, ———
CYCIOPhﬂj-nB T T - - Cy(:lOp]]i].iIlB [ A - —— — —

Wildtype FKBP51ko FKBP52ko FKBP12ko
DMSO - ] ] omso |+ |- ||+ -|-| [+]-|+[+]-]-
meosoos | [+ | |- A+ meosoos | - |+|-|-|-|-| [-|+] |-
1g5Me wlo]el=#] [=[-]-[=[2[% 195Me === -]
TNFa B S T ]+ TNFa N RN EAERE:
plkBa T plkBa = — \
Cyclophilin B | === == s = o v s o | Cyclophilin B | == s =5 s o - —_— ‘

Figurel5: FKBP inhibitioror degradationdoes not show an effect oreBUphosphorylation in FKBP family knockout Jurkat
cells:Western Blot of phosphorylate@B) after inhibition with BI605906: 10 uM, 1 hour, 10a4: 280, 24 hours and 19
ME 10 uM, 1 hour. Phosphorylation was stimulated with 20 ng/ml{TRdF5 minutes. CyclophiliBwasmeasuredas a loading

control.

I[B] was phosphorylated in response to treatment with TNF[, indicating that the NF-[{B

pathway is still intact in the kn ockout cell lines. However, none of the chosen FKBP inhibitors
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showed any effect on the phosphorylation signal. The commercially available IKK inhibitor

B1605906 however, inhibited the phosphorylation of | [Bf successfully.

This indicates that the phospharylation signal is IKK -mediated but FKBP family members are
not essential for the activation. Even in a homolog knockout background, where the influence
of FKBP52 is not present, we do not see an influence of FKBP inhibitors. Additionally, FKBP51
also does not seem to have a scaffolding effect since the degradation of FKBP51 also does not
show any effect on the phosphorylation of IKB; also in the absence of the close homolog
FKBP52. This again indicates that FKBP family members do not interact with the caanical
NF-{B pathway.

Next, | investigated if a different readout could show a functional relation between FKBP51 and
other NF-[B family members. | analyzed the expression of IL8, a weliresearched target gene of
NF[B in response to stimulation with PMA and lonomyin. This readout represents the very
final product of NF-[B activity and FKBP51 inhibition-mediated changes could indicate a IKK
complex independent role of FKBP51 in the NF[B pathway.

| treated the cells with selected FKBP51 inhibitors and simulated the IL8 expression with PMA

and lonomycin.
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Figurel6: IL8 expression in FKBP knockout cell lines is not inhibited by FKBP51 inhibitiBrELISA of Jurkat cells with
indicated FKBP familmembers knocked out via CRISPR/Cas9. Cells were treated with inhibitorisdiar (L95Me; 10 uM,
SAFitl: 10 uM, BI605906: 10 uM) and subsequently stimulated with 50 ng/ml PMA ang/@#80onomycin for 6 hour8ars

and error bars indicated the mean asthndard deviation of biological triplicates.

The IL8 expression can be stimulated with PMA and lonomycin treatment in all chosen cell lines
(Figure 16). However, all knockout cell lines show a strong increase in IL8 expression after
stimulation, especially FKBP51 knockout cells. The high responsiveness in absence of FKBP51

to the stimulus could indicate an endogenous inhibitory role of FKBP51.

All cell lines show very similar response pattern to the inhibitors: SAFitl does not inhibit the
IL8 expression, while the pan FKBP inhibitor 19°M¢ does so in all cell linesto a small degree
However, this is also true for the IKKy inhibitor BI605906. This inhibitor only shows a very
small decrease in IL8 expression, indicating that in these cell lines the IL8 expression is probably

also regulated by an IKK -independent mechanismsuch asthe NF-[B family member NFAT.

The high resposiveness to PMA/I in the knockout cell lines could be an off effect of the
knockout process. However, since there are no other monoclonal knockout cell lines available,
it is not possible to measure the responsiveness of sibling cell lines to explore théiological

relevance of the FKBP51 knockout for PMA/I responsiveness.
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To further investigate the decrease in 195Me-mediated decrease in IL8 expression, | repeated

this experiment with higher concentrations of inhibitor.

wt FKBP51 ko FKBP52 ko FKBP12 ko
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Figurel7: 195Me inhibits IL8 expression in high concentrations, independent of FKBP knockout stit8sELISA of Jurkat
wt, FKBP51 ko, FKBP52 ko and FKBP12 ko cells. Cells were treated-2vthM@95Me for 1 hour and subsequently

stimulated with PMA/I for 6 hourdars and error bars indicated the mean and standard deviation of biological triplicates.

The IL8 expression decreases in response to £d° treatment (Figure 17). However, 195Me
inhibits the IL8 expression only at very high concentrations and independent of the used cell
line. This effect is therefore very likely an off-target effect independent of FKBP51 possibly
195Me induced cell death at high concentrations. Pan-specific inhibitors are likely to also bind
and inhibit other FKBPs or othemproteins in the cell. The NF[B pathway is highly complex and
shows multiple crossreactions to other pathways, making it also very likely that another protein

can influence the IL8 expression.

We can therefore conclude from the discussed data that in Jurkat cellspeither FKBP51 FKBP52
nor FKBP12play a role in PMA/I induced IL8 expression.

As afinal attempt to circumvent the possible cell type specific effects, | also investigated the

interaction of FKBP51 and members of the NFaB family in another cell line.
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4.1.3.The interaction of FKBP51 with NFB in lung carcinoma epithelial cells

Signaling pathways can have a strong dependency on the cellular context. Therefore, | decided
to investigate a different cell line. The human lung cancer epithelial cell line A549 is readily
available, easy to handle andto manipulate. Additionally, it was already shown by Ké&stle et al.
that FKBP51 influences the NF[B activity in A549 cells [78] .

As an initial step to evaluate the activity of FKBP51 on NF[B activity, | utilized again SAFitl
and 195Me as FKBP inhibitors, BI605906 as a control for IKK activity, and subsequent
stimulation with TNF 1, PMA/l or IL1t.

TN Fa PMA/I IL1b

IL8 [pg/ ml]

10a4 L= - -l L] -
safritt  [-[-[-1+|-|-| |-|-|-[+|-{-1 [|-|-|-|]+1]-|-
19SMe I ENE IR ENE 1o - 1+ -
BI1605906 |[-[-|-|-|-[+| [|-|-|-|-|-[+] [|-|-|-|-]-|+

Figure 18: A549 IL8 expression is not influenced by FKBP inhibition : IL8 ELISA from supernatant of A549 cells.
Cells were treated with inhibitors (10a4: 250 nM, 24 hours; SAFitl, 195Me or BI605906 10 uM, 1 hour) and
stimulated with the indicated stimulants (0.63 ng/ml TNF 4, 2.3 ng/ml PMA and 35.2 ng/ml lonomycin,

40 pg/ml IL1r, 3 hours). Bars and error bars represent mean and standard deviation ofbiological triplicates.

A549 cells secete IL8 as a reaction to the indicated stimuli ( (Figure 18). However, no FKBP
inhibitor showed any effect on the expression IL8. In addition, only TNFj-induced IL8
expression was mainly IKK -mediated as indicated by the inhibitory effect of the IKKy Inhibitor
(Figure 18).
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The limited effect of the IKKy inhibitor upon other stimulations is likely due to other pathways
such as NFAT being activated by PMA/I and therefore it being independent of the IKK activity
(see chapter 4.1.) Additionally, the consistently missing effect of FKBP inhibition on IL8
expression, independent of stimulus, leads to the conclusion that in this context and in this cell
line, FKBP51 does not directly interact with members of the NFy B family in a way that affects
this readout. IL8 expression is at the very end of the pathway which would give information if
FKBP51 interacts with any upstream member of the family. On the other hand, it is also possible
that due to the many proteins interacting somewhere in this very complex pathway it is possible

that the effect of FKBP51 inhibition is compensated by another protein.

Therefore, | decided to not further investigate the interaction between FKBP51 and the NF{B
pathway.
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4.1.4.Conclusion of interaction of FKBP51 and-NB

| attempted to reproduce already published data on the interaction of FKBP51 with members

of the NF-[B pathway to further investigate the role of FKBP51 in mammalian pathways.

However, | was not able to reproduce the proposed effects of FKBP51 inhibition on two
NF[B-related readouts: The phosphorylation of 1[B] and the expression of the NF[B target
gene IL8 in Jurkat cells shown in chapters 4.1.1 and 4.1.2. In addition, | also attempted to
investigate the phosphorylation of IKK) /1 which did not result in a reliably interpretable result
in Western blots (Supplemental Figure 3). Furthermore, | attempted to find interaction
interfaces of FKBP51 with IKK via photoinducible crosslinking but did not observe any
indication for interaction between FKBP51 and IKK]| (data not shown). One reason for this
could have been that other family members replaced the functionality of FKBP51. To ruk this
out, | utilized cell lines in which FKBP51, the closest homolog FKBP52 or another prominent
family member, FKBP12, were knocked out. However, even in this knockout context, | was not
able to detect any effects of FKBP inhibition on the NF[B activity as seen inchapter 4.1.2. As
a lastattempt, | also tested A549 cells, which also did not show any effect of FKBP manipulation

on NF[B activity as shownin chapter 4.1.3

This discrepancy between my own data and the published data could have multiple

explanations:

() Itis likely that there is a high degree of cell type specificity of NF[B regulation. Cell lines
can quickly deviate from one common ancestor andsome in cellulo data have been shown
difficult to reproduce before [106]; (i) the NF-[B pathway is very camplex and still not
completely understood. There is a multitude of other proteins involved, making it challenging

to determine the effect of manipulation of one single protein if this interaction is only accessory.
(iif) Some published results may have been falsely accredited to a direct interaction of FKBP51
with NF-[B due to the strong interaction between FKBP51 and Hsp90. Hsp90 also acts as a
chaperone for IKK| /1 and itis therefore possiblethat interaction assays show a Hsp90mediated
interaction between FKBP51 and IKK/r. The interaction of Hsp90 with IKK) /| is also
controversially discussel. Both an interaction of Hsp90 with IKK|/1 and evidence that there is

no interaction have been shown before[78], [107] .

To confirm the influence or lack thereof of FKBPs on the NF[B pathway, further readouts that

provide insights into the localization of NF-[B family members to the nucleus could be
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used [86] . Another possibility would be to measure the DNA binding of NF-[B family members
in Chromatin Immunopre cipitation (ChlP) assays. Additionally, the vast number of stimuli and
possible crosstalks makes it difficult to determine protein-protein interactions only relevant in
a subset of the NF[B signaling network. IL8, therefore, might not be suitable for this
investigation and other target genes could be more appropriate. Another possibility to
investigate could be the formation of the IKKy//r or NF[B-1[By complex, which could also
be chaperoned by FKBP51. This could be investigated by fluorescence resonaneaergy transfer

(FRET) to gather information about the physical closeness of FKBP51 and IKK/ .

In addition, next to the canonical pathway mainly discussed here, there is also a noncanonical
pathway which is less well-characterized and isknown to be activated by different stimuli and
the involvement of other protein interactions, compared to the canonical pathway This
pathway could also be promising to further investigate using the already mentioned methods
or by investigating the phosphorylation of IKK], the processing of pl00 or the nuclear
localization of p52. However, this leads to new challenges since a cellular model system that
allows for the investigation of the non -canonical NF[B pathway is necessary No cell line was
available in this work in which it would have been realistic to investigate the noncanonical

NF[B pathway due to lack of expression of the relevant receptors.

Additionally, there is very likely crosstalk with other proteins such as the GR, which also
interacts with FKBP51[16], [108] . The GR was shown to have apossibly depending on the
cellular context, inhibitory or stimulatory crosstalk with NF -{B [108] . This interaction needs
also to be controlled for since the inhibitory effect of FKBP51 on the GR could lead to an indirect

stimulatory effect of FKBP51 onNF-{B activity via the GR.

In conclusion, it was not possible to determine an interaction of FKBP51 with members of the
NF[B pathway in this work. More research is needed to elucidate the controversial data on

FKBP famly members interacting with NF-[B.
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4.2. Investigation of the FKBP5(123 interaction in dependence on Hsp90 and the GR

The mode and mechanism of the cechaperones involved in GR binding have not yet been fully
elucidated. Previous work has shown a FKBP5-p23 interaction. However, it has not yet been
shown (i) if this interaction depends on Hsp90 or if FKBP51 and p23 can interact independently
of Hsp90, (ii) if FKBP51 and p23 also interact in a complex containing the GR and (iii) at which

domain of p23 FKBP51 binds. In the following chapter, these questions will be answered.

Previous research in our group, mainly performed by Asat Baischew, showed that FKBP51
directly interacts with p23 [109] . In his dissertation, he was able to show the direct interacton
of FKBP51 and p23 via photoinducible crosslinking on Western blots and MS. Subsequently, a
collaborative approach by members of the group showed that a number of residues of FKBP51
interacting with p23 could be found, culminating in a defined interacti on site at the top of the
FK1 domain of FKBP51 Figure 19).

FKBP51

Figurel9: Schematic overview over FKBRP23 Crosslinks=FKBP51 (pink) (PDR:71) Positions which showed a crosslink to

p23 are shown in greeithe exact residues can be foundSapplemental Tablg.

However, this opensup the question if FKBP51 and p23 only interact in a complex with Hsp90
or if their interaction is also possible independently of Hsp90. Asat Baischew showed this
already for one residue of FKBP5L1 in his dissertation| utilized FKBP51 crosslinks as proximity
sensors for the interaction with p23 to verify this result. | incorporated the unnatural amino

acid pBpa in different residues on the surface of FKBP51 which are known to interact with p23.
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| then treated the living cells with the Hsp90 inhibitor Gelda namycin. This compound binds to
the nucleotide binding site of Hsp90 and stabilizes the open conformation of the Hsp90 dimer.
Consequently, the Hsp90p23 interaction is inhibited because p23 can only bind to the closed
Hsp90 dimer conformation [110], [111] . After the treatment, | UV-irradiated the cells to
covalently link FKBP5L1 to p23 via the unnatural amino acid. | analyzed the crosslinked proteins
on a Western blot where it is possible to detect both the expression of FKBP51 and an additional

protein band at a larger molecular weight corresponding to the FKBP51p23 crosslink.

N63 | P120 | K121 | 1122 | P123 | A398
FKBP51-Flag
pBpa | pBpa | pBpa | pBpa | pBpa | pBpa
Gel[2pM] | - [+ ] -T+[-J+[-T+]-f+]-1+
- - - «+—FKBP51+p23
70 — e —
oFlag —
«+—FKBP51
0 — | SR b d b

Figure20: The FKBP5/23 interaction is Hsp90 dependenWestern Blot of representative FKBPEAg pBpa mutants,
expressed and photocrosslinked irEKR93 cells. The cells were treated with 2 pM Geldanamycin faurl before
crosslinking. The Flagactive bands at 70 kDa indicate the FKBF33 Crosslink. The Flagactive bands at 50 kDa indicate
the expression band of FKBP51. The molecular weightobeins is indicated in kDa.

The cells not treated with Geldanamycin show FKBP51>p23 crosslinks while the cells treated
with Geldanamycin do not. Residue FKBP51 A398pBpa was used as a negative control. This

result demonstrates that the FKBP51p23 interaction depends on Hsp90.

FKBP51 and p23 are hypothesized to enter the GR maturation cycle at different timepoint445] .
The Hsp90-dependence of the FKBP54p23 interaction implies that both proteins are bound to
Hsp90 at the same time. The GR is expres=d at low levels in HEK293 cells. In this experiment,
the GR was not overexpressed. It is possible that the endogenous GR is present in a complex
with FKBP51 and p23 or only one of the proteins, respectively. It is therefore possible that a

complex of FKBP1-p23-GR is formed, possibly with FKBP51 and p23 directly interacting.

To further elucidate this complex, | co-expressed FKBP51 pBpa variants that have shown a p23
crosslink, with or without co -overexpressedHA-tagged GR. Additionally, | treated the cells with
the GR agonist Dexamethasone (Dex) before UMrradiation. In this setup, the GR can be
integrated into the complex and then undergo its activation which dissociates the GR from
Hsp90.
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A N63 K65
FKBP51-Fla
5 pBpa pBpa
A R R ERERE
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. = |« FKBP51
- _b. maEw '
250 )
250 — |« crts1
aHA
-«
TG - -
FKBP51 Flag P120 K121
pBpa pBpa
A R
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- T — «— 514p23
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180 — - - <« GR451
aHA
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Figure21: The FKBP5M23 interaction can be partially abrogated by integration of the GR in the chaperone complex.
A: Western blots of FKBPHlag pBpa mutants expressed and crosslinked in HEK298utillsally co-overexpressing H&GR
and optionally treated with 1 uM Dexamethasone for 45 mites before crosslinking. Flagactive bands between 70 and

100 kDa indicate the FKBRp23 crosslink. Flageactive bands at 50 kDa indicate the FKBP51 expressiecreddiive bands
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at 180 kDa indicate the FKBPGR crosslink and at 100 kDa the GR esgiom. The molecular weight of proteins is indicated
in kDa B) Schematic of possible FKBR2B-GRHsp90 complexes, modeled after PDB: 7aifd PDB: 8FFW. The unresolved

Gterminal tail of p23 is depicted in dark green

The selected residues of FKBP51lashowed a crosslink to p23 (Figure 21 A). The intensity of
the interaction was partially increased for some residues with Dexamethasone treatment.
Overexpression of the GR results in the inhibition or decrease of the FKBP5%&p23 interaction
for some residues (P120, K121 and P123) while not for others (N63, K65). Dex treatment
recovers the FKBP51p23 interaction for P120, K121 and P123.

The shift of the crosslink from a FKBP51>p23 to a FKBP51->GR indicates that FKBP51

partially changes its interaction site from p23 to the GR. However, some interaction between

FKBP51 and p23 remain, indicating that p23 interacts with FKBP51 even in the presence of the
GR (Figure 21 B).

Stimulating the cells with Dexamethasone in the absence of the overexpressed GRartially
leads to an increase of the FKBP52p23 cro sslink. This is likely due the endogenous GR, which
is expressed at low levels in the HEK293 cells used (data not shown) and which translocates to
the nucleus, shifting the equilibrium towards a FKBP51-p23 complex without the GR. For easier

detection | overexpressed the GR in this work.

Stimulating the complex with Dexamethasone leads to the dissociation of the GR from FKBP51
and a rescue of the FKBP54p23 crosslink indicating a rapid reassociation of both FKBP51 and
p23 with Hsp90. It could also be possile that only the GR leaves the complex and FKBP51 and
p23 remain associated with Hsp90. However, this is unlikely due to the fact that p23 likely has
to disassociate before the Hsp90 dimer can open and the GR can disassociate. Alternatively, the
GR would need to be pulled through the Hsp90 lumen completely, which seems unlikely due
to the length of the folded amino acid chain which would need to be pulled through the Hsp90
lumen. The order in which the co-chaperones dissociate from the GR or if at all afterligand

binding remains a controversial topic in the field [18], [42], [112]

Taken together, these data indicate that both FKBP51 and p23 bind to Hsp90 and directly
interact. If the GR is expressed, it is incorporated into the Hsp90complex between FKBP51 and
p23 and partially abrogates the interaction of FKBP51 and p23. Some FKBP5 residues
interacting with p23 form a new interaction site with the GR upon overexpressing of the latter

while some residues remain interacting with p23. After the GR activation and translocation to
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the nucleus, the interaction between FKBP51 and p23 is escued. This indicates that the

interaction of FKBP51 and p23 is quickly restored.

This interaction pattern leads to the question if the FKBP5ZXresidues differ in the domain of p23

they are binding to.

To answer this question, | generated three truncatad p23 constructs (Figure 22 A): The
full -length p23 is 160 amino acids long and consists of three domains: The (i) -sheet core
domain, the (ii) C-terminal helix, and the (iii) C-terminal tail. (i) The first construct is
terminated after a third of the C -terminal tail: p23 142, (ii) The second construct is terminated
after the C-terminal helix: p23 13, (iii) The shortest construct is truncated directl y after the
core domain: p23*t7, All the constructs carry either an N-terminal HA-or Myc-tag for easy

detection via immunostaining (Figure 22 B).

1-160
C-terminal tail
B | BHAp23 | FL |1117]1-131]1-142|
25 —
aHA e 931-1
=aos < 3
15 — -_— «— p231-11

Figure22: p23 fulHlength and truncated variantsA) Sructure of p23predicted via Alphafold (AF: AFL5185F1)[46].
Truncated variants are marked in shades of green: Light gfe&h?7, forest green: 11831, chartreuse: 13242 and pale
green: 143160. B)Western Blot of expression of HAgged fullength p23 and truncated variants. The molecular weight of

proteins is indicated in kDa. The truncation variants waspired by Serghim et al [113].
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With these truncated variants of p23, | investigated the interaction sites of p23 with FKBP51 in

dependence on the GR. | ceoverexpressed two FKBP51 pBpa variants known to crosslink to
p23. One variant, N63pBpa showed a p23 interaction independent of GR presence while
P123pBPaonly crosslinks to p23 in the absence of the GR. In addition, | ceoverexpressed

full -length and truncated variants of p23 and the GR (Figure 23).
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Figure23: The FKBP51 interaction with truncated p23 variants can be-sjtecifically abrogated by GR expressiaiestern

blots of two FKBP51 pBpa mutants expressed and crosslinked in HEK293 rliegpressing MyGR andull-length

HAp23or truncated variants. Flag blots indicate FKBP51 expression and crosslinking bands.-Tdecti@goand at 70 kDa
indicates the FKBP5123 crosslink. Myceactive bands at 100 kDa indicate the expression of the GR and at 180 kDa the
FKB5XGR crosslink. The HA blots indicate the expression and crosslinking bands of p23. A:RiBRb6BpBpa and
B:FKBP5Flag P123pBpa. The molecular weight of proteins is indicated in kDa.
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FKBP51 N63pBpa shows a crosslink to the endogenous p23{gure 23 A). The intensity of the
crosslink is enhanced with co-overexpression of full-length HA-p23, indicating an equilibrium
shift towards the FKBP5Xp23 complex. There is no interaction with only the core domain of
p23, with or without overexpression of the GR. Additionally, there is also no crosslink visible to
the endogenous p23 if p23-t7 is co-overexpressed, indicating that the truncated p23
outcompetes the endogenous p23 and is possibly integrated into the complex instead of the
endogenous protein. There are very faint crosslinks visible to both p2313! and p23*142 but the
former crosslink seems to be abolished by the overexpression of the GR and the latter seems to
be partially inhibited. The absence of FKBP51 N63pBpa>p23 113 and p23'142 could be due to
the absence of the p23 domain FKBP51 N63 interacts with or the inability of the complex to be
formed with truncated p23 constructs. It is also possible that the crosslink of FKBP51 to p23 is

abolished because the missing amino acids are essential for the interaction.

On the other hand, FKBP51 P123pBpa shows a different behavior copared to N63pBpa (Figure
23 B): The FKBP51>p23 crosslink is strongly inhibited by the overexpression of the GR and
instead FKBP51 crosslinks to the GRSimilar to N63pBpa, the crosslink intensity of FKBP5%
>p23 is increased if the full -length p23 is overexpressed. However, if both p23 and the GR are
overexpressed we only see a decrease in intensity of the FKBP54p23 crosslink, indicating that
there are still complexes remaining where FKBP51 and p23 interact. The expression of p281/
outcompetes the endogenous p23 from the complex, leading to the decrease of the FKBP51
>p23 crosslink. FKBP51 crosslinks to p23-*! and p23'142, Both crosslinks show amuch lower
intensity with the overexpression of the GR. The crosslink from FKBP51 P123pBp&p23 113!
and p23'142 shows that FKBP51 can still interact with p23 even if p23 is partially truncated.
This also indicates that the absence of interaction of FKBPS N63 with the truncated p23 is due
to the absence of the Gterminal tail of p23. It is also important to consider that a part of the C-
terminal tail of p23 may be essential for the interaction but is not the crosslinked region. In this
casewould a truncation abolish the interaction even if the amino acids of p23 which would in

a full-length protein bind to the FKBP51 are still present.

This crosslinking pattern allows for two conclusions: (i) The FKBP51->p23 interaction at
position N63 depends mainly on the C-terminus of p23 while the FKBP51->p23 interaction at
position P123 depends on the Gterminal helix. (i) The FKBP51->p23 crosslinks can be
partially abolished by the overexpression of the GR. This could have two explanations: The
FKBP5%p23 and the FKBP51:GR complexes represent two different complexes present
simultaneously or a complex consisting of FKBP5I1GR-p23 where some residues of FKBP51

interact with p23 in the presence of the GR.
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Figure24: Model of FKBP5+p23crosslinkswith and without the GR A) Modelof the FKBP51 N63pBfg23 crosslink with
and without the GR. B) Modef the FKBP51 P123pBp@23 crosslink with and without the GRhe scheme of FKBRp23-
Hsp90 is modelled after PDB: 7L71 with p23 movetiécssame side of Hsp90. FKBRERp23-Hsp90 is modelled after PDB:
8FFW with p23 added at the Hsp90 binding site.

If the assumption holds true that a complex of FKBP5XGR-p23 -Hsp90 is formed, then p23
could accommodate for the incorporation of the GR by wrapping around the GR“*® and
contacting FKBP51 with its Gterminal tail. However, the existence of this complex modelled in

Figure 24 has to be shavn experimentally.

The two investigated residues of FKBP51 differ in the domain of p23 they interact with.
Therefore, | visualized the structural differences between the two FKBP51 residues, comparing
the conformation of the selected FKBP51 residues in te Hsp90 complex with and without the

presence of the GR Figure 25):
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Figure25: Model of the FKBP5p23-GR interaction:A) Model of FKBP5123-133Hsp90 FKBP51 and Hsp90 taken from
PDB7L7I and p23 from 7KRJ, modelled to beal@same sle of Hsp90 as FKBP51 and replacing the p23 from 7L71. FKBP51
N63 and P123 marked in cyan. B) Model of FKEF#123-Hsp90. FKBP51 taken from PBBFW and p2&RHsp90from
PDB7KRJ. FKBP51 N63 and P123 marked in cyan.H3p@0 dimer, magnta: FKBP51, yellow: GR, green:.p23

The model of the FKBP5XHsp90 complex without the GR shows that FKBP51 N63 and P123
are adjacent(Figure 25 A). p23 is modelled into the complex to indicate the possible interaction
site with FKBP51. However, the biological conformation of the C-terminal helix of p23 is very
likely different from the one depicted here to enable the binding to the FKBP51 positions which
have shown crosslinks to p23. The helix is likely twisted to allow for the interaction of p23 with
FKBP51. Interestingly, N63 is buried underneath the Gterminal helix of p23. If this model is
close to the biologically relevant state of the complex, acrosslink between FKBP51 N63 and
p231131 or p231142 could have been expected. Maybe the @erminal tail of p23 influences the
position of FKBP51 in the complex and in the absence of the tail, FKBP5N63 cannot interact
with p23.

The most recent CrycEM structure of FKBP5EXHsp90 in complex with the GR show the GR
cradled by FKBP51 Figure 25 B). In this structure, FKBP51 N63 and P123 are here at a disince
of about 13 A. p23 is modelled into the cleft between the Hsp90 monomers as seen irFigure 12
but modelled to sit on the same side of Hsp90 as FKBP51 and the GR. It is possible that the
missing 27 amino acids not visualized in this structure can contact FKBP51 even in the presence
of the GR.

In conclusion, the data provided in this chapter show that (i) The interaction of FKBP51 with

p23 depends on Hsp9Q (ii) like Lee et al.[21] suggest but contrary to the published CrycEM
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structure, a complex where FKBP51 and p23 sit on the sameaide of Hsp90 likely exists (iii) p23
interacts with FKBP51 even in the presence of the GR. The @erminal tail of p23 may
accommodate for the presence of the GR and the interaction site of p23vith FKBP51 is shifted
but not abolished by the presence ofthe GR.

51




4.3. Investigation of the GP23 interaction

In addition to the interaction between FKBP51 and p23 shown in the previous section, a direct
interaction of the GR with p23 has previously been described[52], [109] . In the following

section, | will provide further insights on the GR-p23 interaction observed in mammalian cells

4.3.1.The GR carries two distinct p23 interaction sites

The initially identified GR -p23 interaction site was located in the GREP by both the Cryo-EM
structure provided by Noddings et al.[52] and Baisschew et al.[18] .

A screening of a GR pBpa variant library carrying a StrepFlag (SF) tagor easydetection was
performed and a second GR>p23 interaction site was found in the GR "R domain, located

between amino acids 488 and527 (Figure 26):

— —I+ e T B T e o FLEES
WB: 130— e : +p23
IP: | aFlag mo—...d - o e
il o mn
WE: |130—| — p— Y 3 . s—|<— p23
ap23

Figure26: A second defined GR23 interaction site can be found in the hingegion Western blots of SER pBpa mutants
expressed and crosslinked in HEK29% @eid enriched via Flag IP. Flag blots indicate GR crosslinking and expression bands.
The Flageactive band at 13@Daas well astie p23reactive bandst 130 kDandicate the GF23 crosslinkThe gimary

data was provided by Henry Ungeduring his Mater thesisunder my supervision. The molecular weight of proteins is

indicated in kDa.

The bands at about 130 kDa are reactive in both the Flag and p23 blots, indicating a
UV-dependent complex consisting of the GR and p23 Figure 26). The residues all exhibit a p23

crosslink with the strongest interaction site located between the lysines 492 to 496. This either
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indicates that the weaker GR>p23 interaction sites are turned away from p23 due to the

three-dimensional structure of the GR or the three-dimensional structure of p23.

| compared both GR>p23 interaction sites and found the GR->p23 interaction of similar

intensity for exemplary GR residues (Figure 27):
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Figure27: GRdirectly interacts with p23 with multiple domainsWestern blot of representative SFR pBpaariants with

and without UV irradiation. UNhduced Flageactive bands at 130 kDa indicate a crosslink from the GR to p23 and at 100
kDa the expression of the GR. Smaller bands indicate the expression of a truncated variant of the GR. p23 blothéndicate
expression at approximately 20 kDa and crosslinking bands of p23 at 130 kDa. The molecular weight of proteins is indicated

in kDa.The top three blots are obtained from an 8% PAGE and the lowest blot is derived from a 12% PAGE.

GR Q452, K495 and K50 represent the GR® and M691 and W712 represent the GREP,
GRV712rBra shows one of the strongest crosslinks with p23 and is used as exemplary residue for
the GR->p23 interaction. The GR->p23 interaction was observed in both the Flag and the p23
blot, indi cating that this complex consists of a crosslink of the Flagtagged GR and endogenous
p23. The wildtype GR was used as a negative control. The used GR constructs carry the tag on
the N-terminus. Both the full -length protein and a truncated variant where no pBpa was
integrated at the position of the Amber stop codon are expressed and observed on the Western

blot.

The first GR->p23 crosslinks were identified by Asat Baischew [109] . Subsequently, a second
interaction site with p23 in the hinge region was also identified by Henry Unger under my
supervision during his Master thesis. A screeningof further GR positions was performed by

Yannik Kasebergduring his Master thesis, which identified additional residues in the GRPEP,
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Combining all identified interaction site of the GR->p23, | can provide a novel picture of the

GR-> p23 interaction:

Figure28: Model of the two interaction sites of the GR with p23\)Model of GRBP(yellow)}Hsp90 (blue) (PDBKRY and
GRBD(yellow,PDB: 6CFN). Both structures are moved artificially in vi@nitiythe unresolved amino acids are indicated by
a dotted line.A second p23 molecule is modelled to be on same side of Hsp90 as &Pl KR5 is marked in red and C)
CryeEM structure of &p23-Hsp90 (PDB: 7KRIjosslinks to p23 are markeddark greenand C) W712 is marked in red
Primary datageneratedby Asat Baischew, Henry Ungg€annik Kasebemnd me

In summary, the GR and p23 exhibit two clearly defined interaction hotspots on the HR/DBD
and the LBD of the GR which are predicted to be on opposite sides of Hsp90 in a GRisp90
complex (Figure 28).

The two distinct binding sites of the GR to p23 have two different implications:

First, as already mentioned in chapter 3.3, the GR'R was identified as a NLS by providing an
importin binding site [36] . At exactly this site, namely the lysines between K492 and K498, the
GR interacts with p23. It is unlikely that both p23 and importin can bind at the same time to
the GR™. The strong interaction of the GR and p23 indicates that p23 could mask the NLS,
thereby preventing importin from binding and hence nuclear transport and gene regulation.
This theory, however, of p23 binding to the GR"R needs further investigation to explore the

functional impact of p23 binding.

The two interaction hotspots of GR-> p23 lead to two possible conclusions: (i) One p23 sits on
the GR®P and contacts both the LBD and the HR via its Gterminal tail (Figure 29 A) (ii) two

p23 molecules occupy both binding sites and bind to the GR simultaneously(Figure 29 B); or
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(iif) p23 can bind on either side of Hsp90 and contact the GR either at the LBD or the HR'DBD

but not simultaneously (Figure 29 C).

Figure29: Model of the three possible binding modes of G23.A) One p23 contacts both GRand GRRat the same

time. B) Two p23 molecules contact one GR simultaneously C) p23 can bind to the GR at either LBD or HR.

Second, the possible binding of p23 to the HRDBD opposes the available crystal structure by
Noddings et al. [52], which observed only the GR?®P-p23 interaction. However, the
stoichiometry of Hsp90-GRp23 was shown by Ebong et al. [63] to be 2:1:2 in vitro.
Additionally, as already mentioned in chapter 3.3, the yeast homolog of Hsp90, Hsp82, can
accommodate two p23/Sbal molecules simultaneously [61] . Additionally, a comparable
structure of Hsp90-p23 with a different client, the aryl hydrocarbon receptor (Ahr)

accommodatestwo p23 molecules [62] .

Thesepublications support the possibility of a second p23 binding to the HR in addition to the

initially observed interaction between GR'6P and p23.
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The differences in stoichiometry between crosslinking data and CryeEM data could be
explained by the experimental setup of thein vitro preparation of the crystallized complex: the
GR used for CrycEM is not full-length but truncated to resolve the LBD. Therefore, these
constructs arelikely too short to provide both binding sites for p23. Additionally, the structure
of the GRPEP was not supplied with either Hsp90 or p23 [114] . It is also possible that during
sample preparation of Cryo-EM structures, a structure is stabilized in a conformation by either
GR ligands or Hsp9Gbound nucleotides which do not allow for binding of p23, further

supporting the need for more in cellulo data about the GRp23 interaction.

4.3.2.Two p23 molecules bind to the GR simultaneously

Subsequently, | addressed the question whether two p23 molecules bindto the GR
simultaneously at each interaction site. The published CrycEM structure only shows the
interaction between p23 and the GR®P [52] but both the Cryo-EM structure of
FKBP51p23-Hsp90 without the GR [21] , the Hsp90-AhR structure [62] and the Hsp82-Sbal
structure generated from yeast Hsp90[61] suggest that p23 can bind on the opposite side of
Hsp90, compared to the GREP. Possibly even both binding sites could be occupied at the same

time.

To test whether two p23 molecules do bind at the same time at the two interaction sites, |
generated a double GR pBpa mutant in which two pBpa molecules can be integrated
simultaneously. The GRR is represented by K495pBpa and the GRP by W712pBpa (Figure
30Figure 32).
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Figure30: The GR binds two distinct p23 moleculssnultaneously A) Western blots of GR pBpa mutants expressed and
crosslinked in HEK293 cells and enriched via Flag IP. Flag blots indicate GR crosslinking and expression bandaciite Flag
band at 130 kDa indicates the $R3 crosslink. For the doldmutant, a second, slightly larger band indicates a GR molecule
crosslinked to two p23 molecules. The p23 blots indicate expression and crosslinking bands separated on two different gels.
The molecular weight of proteins is indicated in kBgSchematiof the crosslinked complexmodelled after PDB: 7KW7
Yellow: GRblue: Hsp90, green: p28n the right modelled after PDB: 7KRJ and on the left copied to be on the opposite side
of Hsp90The Gterminal tail of p23 is indicated by a shape with a dottedlioe. Red arrows indicate position and direction

of crosslinked positions.

Both GR K495pBpa and W712pBpa showan interaction with p23 (Figure 30). The double
mutant with pBpa integrated in both positions shows two p23 interaction bands. The p23 blot
shows the interaction of the GR with a single p23 and an additional band only present for the
double mutant. This second band indicates that two p23 mdecules bind simultaneously to the

GR at these selected positions.

This demonstrates that a complex consisting of one GR and two p23 molecules can exist in
mammalian cells. The existence of a GRoound to two p23 molecules (GR-p23,) complex has

not been shown before.

The double crosslink appears at a weaker intensity in the Flag blot than the single crosslink.

However, both bands appear at a similar intensity in the p23 blot. The difference in intensity

could indicate that either the GR truncated at W712 is more prevalent than the full -length GR
57




where both pBpa molecules are integrated and crosslinked or that the GRp23; is only a
subpopulation and the majority of the GR is only bound by one p23 molecule. However, the
p23 crosslinking signal shows a slightly different picture: The double crosslink is of a similar
intensity compared to the single crosslink which would support an equal ratio of one and two
p23 bound to one GR.It cannot be excluded that the band at 130 kDa also represents GRp23;

which is truncated after W712 since we do not know the size of this variant.

It is not possible to differentiate between the two interaction sites at the double mutant,
therefore it is not possible to say if GR>p23 ; represents GR'R->p23 or GR'®P->p23 or likely
both.

The crosslinking behavior of the double mutant alone makes it not possible to determine if the
GR needs to be bound o p23 at each interaction site or if the occupation of each binding site
with p23 has a distinct biological role. It remains enigmatic if a difference in binding intensity

between GR>p23; and GR>p23, measured via photoinducible crosslinking indicates

biological relevance or is based on the limitation of this assay.

4.3.3.The GR needs the fuléngth p23 for full activity

One possibly method to measure the activity of the GR is a reporter gene assay (RGA). Cells are
transfected with a plasmid carrying a firefly luciferase under control of GR response elements
(GRE). The luciferase signal then can be used as a measure for GR activitji 15] . An additional,
constitutively active renilla luciferase is used to normalize the signal to differences in cell

numbers and transfection efficiency.

In this case, the full-length p23 and the truncated variants were co-transfected with the GR.
The cells were treated with Dexamethasone to stimulate the GR activity. The GR induces the
transcription of the firefly luciferase w hile the Renilla luciferase is constitutively expressed. The

firefly signal is then normalized to the Renilla signal.
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Figure31: FulHength p23 enhances theactivation of the GRReporter Gene Assagé HEK293 cells, emverexpressing the
GR, a firefly luciferase under control of a GR response element, a constitutively expressed Renilla lucifeedtberand
full-length or truncatedp23. The cells were stimulated with indicated amounts of Dexamethasomg4 hours before

measurement. Bars and error bars indicate mean and standard deviation of biological triplicates.

The GR activity can be measured via the firefly luciferase activity after Dexamethasone
treatment (Figure 31). Full-length p23 overexpressionincreases the GR activity compared to a
mock control while the truncated variants of p23 all either inhibit the GR activity or do not

increase the GR activity as the fulllength p23 does (Figure 31).

This reporter gene assay again clearly shows that fullength p23 enhances the adivity of the
GR. All truncation variants of p23 either inhibit the GR activity or at least do not enhance the
GR activity as the full-length p23 does. This indicates that the entire Gterminal tail of p23 is
necessary for its activity in the maturation of the GR, indicating that the function goes beyond

the interaction of just the C-terminal helix with the GR.

It was previously shown in yeast that the conserved helix in the Gterminal tail of Sbhal is
necessary for full activity of the GRwhile truncations of the C-terminal tail only diminished the
GR activity [57] . Biebl et al. observed diminished GR activity, inversely correlated to the length
of the overexpressed GH57] . This could imply a functional difference between Sbal and p23
since the whole C-terminal tail and the C-terminal helix seem to be of similar importance for

the GR activity (Figure 31).
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4.3.4. The GR interacts with distinct p23 subda@ims

The GR interacts with p23 at two distinct hotspots. However, it is not clear whether the same
residues on p23 are responsible for the interaction with the GR. To answer this question, |

utilized the truncated variants of p23.

| transfected HEK293 cdls with two different SF -GR pBpa variants, each known to crosslink to
p23 (Figure 32). K495pBpa represents the GR® and W712pBpa represens the GRP. | also
transfected the full-length p23 (FL), the core domain (p2311%7), the core domain and C-terminal
helix (p231*%) and the core domain, C-terminal helix and partial C -terminal tail (p23 142).

These components were subject to the following crosslinkng experiment (Figure 32):
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Figure32: The GR interacts with p23 at different sites in tinge region and theligandbinding domain Western blots of

GR K485pBpa and W712pBpa, expressed and crosslinked in HEK293madi®xjoressing Heaggedfull-length p23 or
truncated variants after enrichment via Flag IP. A) Flag blots indicate GR crosslinking and expression bands. Theélag reacti
band at 130 kDa indicates the @R3 crosslink. The HA blot shows the crosslinking bands of p23. B) Western blot of cell
lysaies before Flag IP enrichment. HA blot indicates the expression band -&nfyth p23 and truncated variants. The
molecular weight of proteins is indicated in kDa.a@j§l D)Proposed model for the interaction of the &Rand GR'Rwith

p23. The @erminaltail is indicated by the dotted line.

Both GR pBpa variants interact with p23. p23'117, comprising only the globular domain, is not
crosslinked by either GR pBpa variant, but it outcompetes the endogenous p23. The variant
including the C-terminal helix , p2313!, interacts very weakly with K495pBpa and strongly with
W712pBpa. For K495pBpa we also see the crosslink to the endogenous protein in the presence

of p12*131 which is not visible for W712pBpa. Both residues interact with p231142,
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From this data, | determined that there is a difference in interaction between the two interfaces:
The LBD, likely needs the Gterminal helix of p23 for binding because the interaction is only
abrogated if the helix is not present (Figure 32 D). The GR'R, on the other hand, binds to p23
at the C-terminal tail. If p23 is truncated after amino acid 131, we only observe very weak

residual binding ( Figure 32 C).

Further research is needed to determine if the difference in p23 domains binding to the GR is
only true for the two investigated residues or for the whole domain. In addition, the functional

relevance also has to be investigated more in depth.

Additionall y, the truncated variants of p23, especially the core domain, outcompete the
endogenous, full-length p23. p23+1" might have a higher affinity for Hsp90 than the full -length
p23 or the disassociation of p23 from the Hsp90 might rely on the C-terminal tail of p23. This
observation could be a useful tool to manipulate the interaction of the GR with the endogenous
p23.

4.3.5.p23 binds to the GR in the apo state

One important question during the investigation of GR interaction partners and GR regulation
is the exact moment at which the co-chaperones bind to the complex. The GREP->p23
interaction was shown to be dependent on the apo GR statg18] . | verified that p23 also binds
to the GR™® in the apo state by utilizing Dexamethasone, an agonist of the GR. | trated
GR'R pBpa variants known to crosslink to p23 with Dexamethasone and subsequently UV

irradiated the cells to see if the interaction between the GR and p23 persisted Figure 33).

62




Dex[1pM) | - [+ -+ 1+ 1+

130 —| M B | <« GR+p23

aFlag

e e - <+— GR

100

Figure33: p23 binds to the GFRin the apo state Western blots of selected GR pBpa variants expressed and crosslinked in
HEK?293 cells. The cells were treateith 1 UM Dexamethasone for 1 hour before crosslinking. Flag blots indicate GR
crosslinking and expression bands. The Flag reactive band at 130 kDa indicatesp#8d@#®slink. The molecular weight of

proteins is indicated in kDa.

The GR™® only shows interaction with p23 in samples not treated with Dexamethasone (Figure
33). This indicates that the GR-p23 interaction in the HR is only present prior to activation of

the GR via a ligand.

Additionally, | wanted to see if the GR->p23 interaction depends on the closed state of Hsp90
or if it can be influenced by rearranging the LBD. To do this, | utilized Dexamethasone,
Geldanamycin and Mifeprostone: Geldanamycin is an Hsp90 inhibitor, stabilizing the open

conformation of Hsp90 dimer [111] and Mifepristone displays both active and passive GR
inhibition by binding to the LBD, rearranging Helix 12 [116], [117] . We observed that the
GR>FKBP51/52 interaction can be abrogated by treatment with all these compounds, as

published in Baischew et al.[18] .

| transfected HEK293 cells with four GRBP pBpa variants known to crosslink to p23, treated the
cells with indicated compounds and subsequently crosslinkedthe remaining complex to
investigate if the GR->p23 interaction can be abolished by addition of ligands (Figure 34). The

following blot has been published in Baischew et al.[18] .
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Figure34: GRp23 crosslinks are partially sensitive to inhibitordVestern blot of selected GR pBpa variants treated with
1pM Dexamethasone, 2 uM Mifepristone or 1 puM Geldanamycin for 1 hour and subsequent UV crosslinking. Flag blots
indicate the expression and crosslinking bands of thel@R.c&tawaspublished in Baischew et §L8]. The molecular weight

of proteins isndicated in kDa.

Selected SFGR pBpa variants show crosslinks to p23 Figure 34). The crosslinks are abolished
completely by Dexamethasone and Geldanamycin treatment, indicating that the GR>p23

interaction in the GR'BP is only present in the apo state of the GR and theclosed conformation
of Hsp90. However, the Mifepristone treatment only decreased the intensity of the GRp23
crosslink. Mifepristone was shown to be able to induce different conformations of the GR®P by
rearranging Helix 12. All of these conformations have been shown to be incompatible with
FKBP51 or FKBP52 bindind18] . However, only the p23 binding to the GR shows patrtial
resistance to Mifepristone, indicating that Helix 12 rearrangement might not be completely

incompatible with p23 binding.
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4.3.6.TheGRRp23 interaction is partially resistant to Mifepristone treatment

As shown in the previous chapter, the Mifepristone treatment only partially disrupts the GR-p23
interaction. To further investigate this, the experiment was repeated and expanded to indude
more residues in both GR>p23 interaction sites. To do this, | again transfected GR pBpa
variants selected from both GR>p23 interaction hotspots into HEK293 cells and treated the

cells with Mifepristone and subsequent crosslinking (Figure 35).
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Figure35: Mifepristone partially inhibits the GRp23 interaction:Western blot of GR pBpa variants expressed and crosslinked

aFlag

in HEK293 cells. The cells were treated with 2 uM Mifepristone for 1 hour before crosslinkingloBamdicate GR
crosslinking and expression bands. The-Fagtive band at 130 kDa correlates to the-&#3 crosslink. The molecular weight

of proteins isndicated in kDa.

The two GR->p23 interaction hotspots react differently to Mifepristone treatment ( Figure 35).
While none of the crosslinks of GR to p23 are completely abolished by the Mifepristone
treatment, the crosslinks in the LBD are strongly decreased while the crosslinks in the hinge

region only show a slight difference between treated and untreated samples.

In addition, | also analyzed the Mifepristone effect on GR-p23 interaction on two different
residues quantitatively. To do this, | utilized a crosslinking ELISA (Figure 36): The GR pBpa
variant is immobilized on a 96 well plate via its Strep -tag. The expression of the GR is measured
via the Flag-tag and the crosslinking intensity is measured via the HAtag of p23. Before
crosslinking, the cells are treated with different concentrations of the inhibitor Mifepristone and

the remaining interaction with p23 is measured.
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Figure36: The GRp23 interaction is partially resistant to Mifeprostone treatmenfTwo SFGR pBpa variants were treated
with indicated amounts of Mifepristonenal subsequently crosslinked. The crosslink was measured in an ELISA and
normalised to the untreated control.88s and error bars indicate mean and standard deviation of three biological replicates.

Full cata can be found iSupplemental Tabl2.

The HA-signal is used as a masure for crosslinking efficiency and normalized to the untreated
control (Figure 36). Both residues, regardless of the position on the GR, show a demase in
signal in response to the Mifepristone treatment by more than 40 %. K495 in the hinge region
shows a higher residual interaction with the residual signal being about 60% of the untreated
one while W712 only shows between 30 to 40% of signal intengty after treatment compared to
the untreated control. Similar to the Western blot of the same residues and treatment (Figure
35) this ELISAshows that the interaction of the GR and p23 cannot be completely abolished by
Mifepristone. However, more GR residues have to be investigated to generate a comprehensive
view on the GR->p23 interaction after Helix 12 rearrangement and if there are differences

between the two interaction hotspots.

At both interaction sites, p23 interacts with the GR in the apo state and the interaction is Hsp90
dependent. However, the Mifepristone-mediated inhibition of the GR-p23 interaction is
different for the two interaction sites: While the LBD -mediated p23 interaction shows residual
binding to p23 after Mifepristone treatment, the binding to p23 mediated through the hinge

region is more resistant.
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Mifepristone induces different conformational changes in the GRBPwhich are in line with either
passive or active antagonism[116] . In addition, Mifepristone can also activate the GR, similar
to Dexamethasone in some cell typeq117] . It is possible that the conformational changes of
the LBD associated with the antagonistic conformation also impact the GREP residues
interacting with p23. Crystal structures of the GR bound to Mifepristone only show dramatic
conformational changes in the structure of Helix 12 compared to Dexamethasone which would
not impact the binding site of p23 directly but could lead to conformational changes in other
areas of GREP, This crystal structure is only of the GR alone and possible other factors impacting

the GR canformation are not present.

4.4. Investigation of the GF23-FKBP5Tomplex

It was previously reported that both FKBP51 and p23 can form a complex each with the GR and
Hsp90 at the same time[63] . Yet, the simultaneous binding of FKBP51 and p23 to the GRhas
so far only been reported in vitro in a cell free context [30], [33], [63] . This opens up the
question how well these results can be translated into a cellular context. | utilized in-cell
photoinducible crosslinking to investigate the complex formation with two different proteins

incorporating the unnatural amino acid in a protein chain crosslink. | employed the FKBP51
E75pBpa variant that is known to crosslink to the GR[18] and the GR W712pBpa variart that

is known to crosslink to p23 and analyzed the crosslinking behavior (Figure 37).
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Figure 37: FKBP51 and p28an be found in one complex with the GRA) Schematic of crosslinking positions of
GRFKBP5)23 complex while bound to Hsp90. Blue: Hsp90, red: FKBP51, yellow: GR p@&eRed arrows: Crosslinking
direction. B) Western blots 023, GR and FKBP5kexpressd and irradiatedn HEK293The latter twooptionally carry a
pBpa Flagreactive bands indicate FKBP51 expression bands and crosslinks including-GRB&3d FKBP&IRp23.
Myc-reactive bands indicate GR expression bandsa@osislinks with p23, FKBP5@daboth FKBP51 and p23. {factive
bands indicate p23 expression, B3 crosslink and FKBR&Rp23 crosslink. Flaplots are shown at different exposure
times. HAblots show two different gels for better separation. Asterisks indicate other FKBP5lirddogsbands to unknown

proteins The molecular weight of proteins is indicated in kDa.

FKBP51 E75pBpa crosslinks to the GR and the GR W712pBpa crosslinks to p23. Both together
form a larger complex that also comprises p23. This demonstrates that thereis a complex
consisting of FKBP51, GR and p23. Additionally, it appears in the Myc blot that the complexes
consisting of either GRp23 or GR-FKBP51p23 are favored over the complex consisting of only
FKBP51 and GR.
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FKBP51 also interacts directly with p23 and this interaction can be partially abolished by the
GR (see chapter4.2). It is possible that the FKBP5:>p23 crosslink observed in the presenceof
the GR indicates a contact of p23 to FKBP51 in the FKBP5GR-p23 complex. If this is the case,
FKBP51 could provide an additional interaction surface for the Gterminal tail of p23 in context

of a FKBP5XGR-p23 complex.

The close homolog of FKBP51, FRP52, was also shown to bind to the GR18], [45] . Therefore,
| wanted to see if FKBP52 can be observed in a similar complex with the GR and p23To do

this, | utilized FKBP52 D75pBpa, known to crosslink to the GR[18] (Figure 38).
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Figure38: FKBP52 does not form a complex with the GR and:p&@&stern blots of a wildtype and one pBpa variant of the

GR expressed armtosslinked in HEK293 cellsexressing either wildtype or one pBpa variant of FKBP51 or FKBP52 and
HAtagged p23. Flageactive bands indicate FKBP51/52 expression bands and crosslinks including FKBRSHia@
FKBP51/585Rp23. Myereactive bands indate GR expression bands and Crosslinks to p23, FKBP51 and both FKBP51 and
p23. p23 blot shows p23 expression and crosslinking bands. Flag and Myc blots are shown at different exposure times. The

molecular weight of proteins is indicated in kDa.

Similar to FKBP51, FKBP52 D75pBpa crosslinks to the GR. GR W712pBpa crosslinks to p23 but
unlike as for the co-overexpression of FKBP51, FKBP52 and the GR do not form an additional,
larger complex. Additionally, if the GR W712pBpa variant is expressed, there is nhocomplex
formation between only FKBP52 D75pBpa and the GR observable. FKBP52GR and GR->p23
seem to be mutually exclusive. However, the Western blot signal is very weak. It is also possible

that if a FKBP52GR-p23 complex exists, the signal is too low to be observable.

If GR-p23 interaction is mutually exclusive with the FKBP52-GR crosslink this could indicate

that p23 has to be expelled from the complex to make the FKP52GR binding possible. This
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expulsion is prevented by the covalent bond between the GRand p23. The absence of a signal
can also always have multiple reasons and needs to be carefully validated. In addition, the
complexes probed by photoinducible crosslinking do not necessarily represent the entirety of

possible interactions and complex fomations.

The order of organization of the co-chaperones in this complex remains to be elucidated.
FKBP52 and p23 binding to the GR could be mutually exclusive with p23 preluding the
FKBP52GR binding. This model would also support the hypothesis that p23 has to be expelled
from the GR-Hsp90 complex before binding of FKBP52 is possible.

4.4.1.p23 and FKBP51 do not show synergistic but opposing effect on GR activity

Previously, FKBP51 and p23 have been shown to have opposing effects on the GR activify8],
[57]. To directly compare this observation, | performed a GR reporter gene assay in Hek293

cells and cooverexpressed either p23 or FKBP51 alongside the GR.
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Figure39: FKBP51 and p23 show opposimguence on GR activityReporter Gene Assays of HEK293 celleyeoexpressing
the GR, a firefly luciferase under control of a GR response element, a constitutively expressed Renilla luciferase and either
p23 or FKBP51. The cells were stimulated widiceted amounts of Dexamethasone for 24 hours before measurerdenéa

pointsindicate mean and standard deviation of biological triplicates

Both the overexpression of p23 (green) and FKBP51 (purple) affect the GR activity (yellow)
(Figure 39). After stimulation with Dexamethasone, the GR activity increases in relation to the
amount of stimulation. The overexpression of FKBP51 decreases the GR actiyitwhile the p23
overexpression enhances the GR activity. Both effects are already welleported in the literature
[16], [55] . The fact that FKBP51 simultaneously enhances the GR23 interaction but also
shows antagonistic effect on the activity of the GRimplies a more complex interplay between
FKBP51 and p23 than simple synergistic binding. Additionally, the regulation of the GR
maturation is far too complex to be easily investigated by simply overexpressing components
known to play a role in this process, especially because the endogenous presence of other
involved proteins cannot be ignored. Finally, the effect of p23 and FKBP51 might depend on

the relative expression levels. For time reasons, this was not investigated here.
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4.5. FKBP51 and FKBPB#uence the GRp23 interaction

After the differences observed in the formation of the ternary complexes with FKBP51 o
FKBP52, | also investigated if the GRp23 interaction can be influenced by the presence of either
FKBP51 or FKBP52. | cdransfected the GR W712pBpamutant, which crosslinks to p23
(see Figure 27) with increasing amounts of either FKBP51 or FKBP52 Figure 40).
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Figure40: FKBP51 enhances the @R3 crosslink and FKBP52 decreases thep@R crosslink:Western blots of GR
W712pBpa expressed and crosslinkeg23 in HeR93 cells ceoverexpressing increasing amounts of-tdgged FKBP51 or
FKBP52T'he anount of DNAperwell transfected isndicated.TheFlag blot indicates the GR expression and crosslinking band,

the HA blot shows the FKBP51 and FKBP52 eixpmdzand. The molecular weight of proteins is indicated in kDa.

FKBP51 increases the intensity of the crosslink while FKBP52 decreases the intensity of the
crosslink. The influence of FKBP51 and FKBP52 on only one point of GRp23 interaction is
not sufficient to draw a universal conclusion true for all GR-p23 interaction sites. Therefore, |

further validated by expanding the experiment to a larger number of residues:
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Figure41l: GRp23 irteraction can be influencd by FKBP51 and FKBP52 overexpressfgnExemplary Western Blots of GR
pBpa mutants overexpressing FKBP51 and FKBP52 in triplicatesaelage bands at 130 kDa indicate a-& Crosslink.

The molecular weight of proteins isdicated in kDaB) Relative intensity of crosslinking yield: Intensity of bands were
quantified via ImageJ and crosslink was normalized to the respective GR expression bands in triplicates. Error: Sigesignifica

OneWay AnowaQuantification values eabe found inSupplemental Tablé.

All investigated crosslinks show a similar pattern: FKBP51 enhances the GRp23 crosslink
intensity and FKBP52 decreases the intensity of the GR>p23 crosslink (Figure 41 A). |
guantified the crosslinking intensity for easier comparison (Figure 41 B). The quantification of
the p23 crosslink shows that FKBP51 ceexpression approximately doubles the intensity of the
crosslinking band in the ligand binding domain while FKBP52 ceoverexpression approximately

halves the band intensity.
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To further investigate the effect of FKBP51 and FKBP52 on GB23 interaction, | screened the
most prominent GR-p23 crosslinksin each domain of the GRfor the effect of co-overexpression
of either FKBP51 or FKBP52 on GR23 interaction in duplicates.
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Figure42: Screening of GIR23 interaction with cooverexpression of either FKBP51 or FKBP52 reveals that the effect is
independent of interactionsite: Western Blot of exemplary GR pBpa mutants expressed and photocrosslinked in HEK293
cells ceoverexpressing either HAKBP51 or HRKBP52. Flagactive bands at 130 kDa indicate a-& Crosslink.
Experiments were performed in biological duplicat€se upper Flag blot is shown at a longer exposure time. The molecular

weight of proteins is indicated in kD&) GR wildtype as negative control BPEI) GRRand D) GRR
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All of the tested variants show a very similar picture of the GR->p23 interac tion ( Figure 42):
FKBP51 enhances the crosslink intensity and FKBP52 decreases it. Looking at all tested residues,
there is no observable difference béween the LBD (Figure 42 D) and the HR/DBD (Figure

42 B and C) but a variance between single residues.

However, the mechanism behind this phenomenon remains enigmatic: There is a complex of
FKBP51GRp23-Hsp90. FKBP51 and p23 can still directly interact with each other in the
presence of the GR.Therefore, it is possible that FKBP51 stabilizes p23 on the GR by providing
an additional interaction surface. The decrease in GRp23 interaction with co -overexpression of
FKBP51 could be due to an equilibriumshift from a GR->p23 complex towards a FKBP52>GR
complex. However, it remains unclear what leads to the expulsion of p23 and the binding of
FKBP52

4.5.1. The FKBP5&nhanced GR23 interaction is insensitive to pharmacological FKBP

inhibition

The presence of FKBP51 was shown to influence the GIR23 interaction (see chapter4.5). FKBP
ligands that bind to the FKBP517%! domain were shown to remodel but not to disrupt the
FKBP51GR interaction [18] . They can be used to probe the influence of complex remodelling
on the GRp23 interaction. SAFit2 and FK506 are two examples of FKBP51 ligands that inhibit
the binding of the FK1 domain with the GR [18] . If the FKBP51**domain provides an additional
binding surface to the C-terminal tail of p23, both SAFit2 and FK506 might decrease the
FKBP5Xmediated increase in crosslinking intensity of the GRp23 crosslink. Additionally, |
utilized Dexamethasone as a positive control for compound sensitivity of the GRp23

interaction.
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M691pBpa

Figure43: GRp23 crosslinks are not sensitive to FKBP51 inhibitdf¢estern Blot of exemplary GR pBpa mutants expressed
and photocrosslinked in HEK293 cellsoverexpressing either HRKBP51 or HRKBP52nd treated with inhibitors before
crosslinking. Flageactive bands at 130 kDa indicate a-@& Crosslink. Treatments: Dé&xiM, 45 minutes, SAFit2: 5 pM,

45 minutes, FK506: 500 nM, 45 minutes. The molecular weight of proteins is indicated in kDa.

The crosslinks from the GR to p23 are sensitive to Dexamethasone treatment, as already shown
(Figure 43, also Figure 33). However, the crosslinks do not show a decrease in intensity after
SAFit2 treatment for the samples ceoverexpressing FKBP51 Figure 43). Instead, all of the
crosslinks are less intense, implying a general effect of SAFit2 on the GR23 interaction.
Additionally, FK506 does not seem to have any effect on the crosslink intensity compaed to the
untreated control, again indicating that the displacement of FKBP51™ by this ligand does not
affect the FKBP51 mediated effect on GRp23 interaction. This could imply that the stabilizing
effect of FKBP51 on GRp23 is mediated at least in part by the scaffolding effect of FKBP51 and

not the interaction of FKBP51"Kwith the GR.
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The fact that neither FKBP51 ligand reverses the effect of FKBP51 on GR23 crosslinking
intensity, might imply that the displacement of the FK1 domain is not significa nt enough to also
abolish the FKBP51p23 interaction and the scaffolding activity of FKBP51 is still present even
if the interaction between the FKBP51**domain and the GR are abrogatedor remodeled. This
could imply that the enhanced crosslink is due to the stabilization of the complex and not a
direct interaction with the C -terminal tail of p23. However, the interplay between FKBP51 and

the GR-p23 interaction needs more research.

As the overexpression of FKBP51 and FKBP52 influences the GR3 interactio n, | also aimed

to explore how FKBP51 and FKBP52 influence the interaction of the GR with the p23
subdomains. To achieve this, | overexpressed two GR pBpa variants, GRK496pBpa and GR&P
W712pBpa, together with the above-described truncation variants of p23 (Figure 22) and either

FKBP51 or FKBP5Z Figure 44).
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Figure 44: The GR-p23 interaction can be influenced by FKBP51/FKBP52 overexpression : Western blots of GR
K496pBpa and W712pBpa, expressed androsslinked in HEK293 cells, ceoverexpressing HAFKBP51 or HAFKBP52
and full-length or truncated Myc-p23. Flag blots indicate GR expression and crosslinking bands. The Flageactive
band at 130 kDa indicates the GRp23 crosslink. HA blots indicate the expression bands of FKBP51 and FKBP52. The
Myc blots indicate the expression and crosslinking bands of p23 and two different PAA gels at indicated percentages.
A) SFGR K496pBpa, B) SFGR W712pBpa C) Crosslinking controls without overexpression of Myep23. The

molecular weight of proteins is indicated in kDa.

GR K496pBpa shows the expected pattern of increased GRp23 crosslinking intensity with the
overexpression of FKBP51 and decrease with the overexpression of FKBP%Eigure 44). There
is no crosslink from the GR to the endogenous p23, nor the truncated p23 visible in presence of
p23t1Y7 In addition, the crosslinks to p23113 and p23'142 are very faint and difficult to
distinguish between the endogenous and truncated crosslink. The HAblot shows a very faint
crosslink of GR to full-length p23 and p23*142, The crosslinking behavior to the endogenous
p23 remains observable, regardless of werexpression of p2313 or p23'142, The effect of
FKBP51/52 overexpression on the crosslink to the truncated variants is difficult to determine

due to the low signal intensity.

GR W712pBpa shows the same pattern for fullength p23. The GR crosslinksto the endogenous
p23 in presence of p23-1Y7 albeit weaker. Furthermore, GRW712pBpaupon expression of
p23%13L crosslinks only to p23*13t and not the endogenous p23 upon expression of p23-142, the
GRcrosslinks to either the endogenous p23 or p23-142, All crosslinks to truncated p23 proteins
are severely diminished by the overexpression of FKBP52 and only the crosslink intensity to the

full -length p23 is increased by FKBP51 overexpression.

Especially for W712 it seems that the enhancing effect of FBP51 on the crosslinking efficiency
relies on the Gterminal tail of p23, further contributing to the hypothesisthat FKBP51 provides
an additional interaction surface for p23. On the other hand, the interaction of GR with the
truncated variants are either strongly inhibited or abolished by the overexpression of FKBP52,
indicating that the C-terminal tail could be important for stable interaction of p23 with the
GR®P,

The interpretation of these results for K496 is limited due to a weak signal in the Western.
However, we do see an enhancing effect of FKBP51 overexpression on GRp23 crosslinking
intensity with the truncated variants. Since it is very unlikely that the FKBP51 directly interacts

with p23 on the other side of Hsp90, this could indicate that FKBP51 stabilizes the whole
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GR-Hsp90-p23 complex. The other possibility would be a direct communication of the two p23

molecules via their core domains for which there is no further evidence.

4.5.2.The GRp23 interaction at both interaction sites are impactelly the overexpression
of FKBP51 and FKBP52

| was able to show that FKBP51 and FKBP52 overexpression influence the GRp23 interaction
on both interaction sites. The double mutant gave the opportunity to investigate the influence
of FKBP51 and FKBP52 oveaxxpression on the GRp23; interaction. | transfected the SFGR
double mutant with either FKBP51 or FKBP52 ceoverexpression and crosslinked the GR to p23
(Figure 45).

84




A FKBP-HA BN E |51 i51§ 51 | |52 52§ 52
Fraction Input
- 130— «GR + p23
— — —— GR +p
100 — by g - — — — i ]
25 —
ap23 S . - - ———— A—p23
15 —
FKBP-HA R |51 i 51 i51] |52 {52 52
Fraction Eluate (Flag-1P)
130 — —GR + 2xp23
aFlag . e : Seh W e |[€—GR +p23
100 — L'.‘Eﬁ.”‘ .- o~ ” q - )
160— " B |« 2xPp23 + G
ap23 . i

O

151
1xp23 2xp23

107

to EV

Crosslinking yield
(ICrosinnk/ IExpression * 100)
Norm.

Figure 45: Both p23 crosslinks are enhanced by overexpression of FKBP51 : Western blots of GR pBpa mutants
expressed and crosslinked in HEK293 cells, coverexpressing either HAFKBP51 or FKBP52 and enriched via a Flag
IP. A) Western blots of lysates before Flag IP. Flag blots indicate GR crosslinking and expression bands. The
Flag-reactive bands at 130 kDa indicate the GR-p23 crosslinks. The HA blots indicate the FKBP51 and FKBP52
expression bands. The p23 blots indicatep23 expression bands. B) Western blots of eluate after enrichment via Flag
IP. Flag blots indicate expresson and crosslinking bands of the GR. The Flag reactive band at 130 kDa indicate a GR
p23 crosslink. The p23 blots indicate the two GRp23 crosslinks at 130 and approximately 170 kDa. The molecular
weight of proteins is indicated in kDa. C) Quantification of GR expression bands and crosslinking bands to p23. Band
intensity was measured via ImageJ. p23 crosslinking bands were normalized to GR expression bands and to EV

controls. Quantification values can be found in Supplemental Table 4.
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Due to the low signal intensity of the complex with two p23 molecules, an IP was performed.
The crosslink of GR>p23 ; is barely visible in the Flag blot of the IP eluate but in the p23 blot
there are very clearly two crosslinks visible at the expected size of ~130 kDa and ~170 kDa.
Due to the weak intensity of the Flag-reactive double crosslink, | quantified the p23 intensity
bands and normalized them to the expression bamls of the GR of the lysate. The GRp23;
crosslink is enhanced by FKBP51 by a factor of about 10 while the crosslink representative for
the double crosslink is only enhanced by factor4 (Figure 45 C). This difference could imply
that there are two different mechanisms at play which lead to the FKBP51 mediated
stabilization of the GR-p23 interaction: The interaction of the ligand bindin g domain is
enhanced due to FKBP51 providing additional binding surface for p23 and the hinge region
interaction is stabilized due to FKBP51 stabilizing the GR in the complex with Hsp90 and
therefore with p23. Contrary to previous experiments, the FKBP52 aerexpression does not
decrease either GRp23 crosslink intensity, but also slightly enhances the crosslinking intensity
compared to the EV control. It is possible that this signal increase is due to an artefact in the

assay and that the pulldown of GRp23 complexes are more efficient than the pulldown of the
GR.
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5. Conclusion and Outlook

In this work | expanded the knowledge of the FKBP51/GR/p23 interactions. My results show
that (i) the FKBP51%-p23 interaction is Hsp90 dependent (ii) the FKBP51-p23-Hsp90
complex, including some direct FKBP51p23 contacts, can exist independently of the GR
(iii) the interaction of FKBP51with p23 can be partially abolished by addition of the GR;
(iv) FKBP51 GR and p23 can patrticipate in a Hsp90-associated complex; and (v) FKBP51
enhances the GRp23 interaction while FKBP52 does not.

My data support the existence of a FKBP5iGR-p23-Hsp90 complex in mammalian cells where

the C-terminal tail of p23 wraps around the GRBPto contact the FK1 domain of FKBP51 Figure
46).

Figure46: Model of the FKBP5GRp23-Hsp90 complexThe GRePsitsbetween FKBP51 and p23 in a complex with Hsp90
p23 contacts the GRPwith its Gterminal helixand FKBP5with its Gterminal tail The Gterminal tail is depicted in dark
green. This scheme is a fusion of PDB: 7KRpZ&Rsp90) and PDB: 7FFW (FKBPHI9.7FFW structure was aligned with

7KRJ and GRsp90 from 7FFW are omitted. The resulting structures were used as a base for the model.

Thesedata extend the knowledge provided by structural determination of Cryo-EM structures

of the GR complex (Figure 47):
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Figure47: Comparison of Cry&M structures andtwo models of newly proposed complexeCryeEM structures of
FKBP5IRHsp90 (PDB: 8FFW) and FKBBREIsp90 (8FFV), GiRR3-Hsp90 (PDB: 7KRJ) and FKBREI90p23 (PDB: 7L71).

Models of the two newly proposed models: A) FKBpB3Hsp90. FKBP51 and Hsp90 are modelled after FKIB§EI0p23

(PDB: 7L71). p23 is added fromB?DKRJ and FKBP5L1 is rotated to be on the same side of Hsp90 as p23. B) Model of the
FKBP5LGRp23-Hsp90 complex. GB23-Hsp90 are modelled after PDB: 7KRJ and FKBP51 is modelled after PDB: 8FFW. PDB:
8FFW was aligned with PDB: 7KRJ anti§R0 from 8FF\Were omitted.

In addition to the FKBP51-Hsp90-p23, FKBP5XGR-Hsp90 and GRp23-Hsp90 structures,
generated via CryoEM, | provided novel evidence for the existence of FKBP5IGR-p23-Hsp90
and FKBP51p23-Hsp90 complexes figure 47).
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