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2. Abstract

2.1. Zusammenfassung

Die FK506-bindenden Proteine FKBP12,FKBP51 und FKBP52 sindPeptidyl -Prolyl Isomerasen
und am besten daftr bekannt, dass sie den Wirkmechanismus der nattrlichen molekularen
Kleber FK506 und Rapamycin ermdglichen.Innerhalb der FKBRFamilie fungieren die grof3en
Proteine FKBP51 und FKBP52als Cochaperone in der Hsp9GMaschinerie und als
Schlusselregulatoren des Glucocorticoid Rezeptor Signalwegs. Dabei hemmt FKBP51 die GR
Aktivitat und FKBP52 aktiviert diese.

Um die Entwicklung von FKBRbasierten Liganden zu unterstitzen, habe ich zunachst
verschiedene  Testsysteme etabliet um  Aufschluss (ber biochemische und
molekularbiologische Schlisselaspekte von FKBPzu ermdglichen. (i) Ich habe einen HTRF

Bindungstest fir FKBRLiganden entwickelt, der eine prazise Messung der Bindungsaffinitat von
ultra-hoch affinen FKBRLiganden mdglich macht. (ii) Anschlie3end wurde ein NanoBRET-

Testsystem zur Charakterisierung von FKB-Liganden in lebenden Zellen entwickelt, optimiert

und semi-automatisiert. Dieses Testsystem ermdglicht eine schnelle Charakterisierung der
intrazellularen Bindung von FKBRLiganden und FKBPs (iii) Des Weiteren habe ich zur

Untersuchung der Schlusselfunktionen von FKBP51 und FKBP52 im GRignalweg ein GR
Aktivitat ReportergenTestsystem etabliert. (iv) Um den Abbau von FKBPs zuuntersuchen,
entwickelte ich darlber hinaus eGFPfusionsbasierte Reportersystemezur Bestimmung von
zellularen FKBP12 und FKBP5%Spiegeln sowie einen HTRFbasiertes Reportersystem firdie

FKBP52Mengen.

Die Affinitat von Liganden ist ein Schlisselparameter fiir deren Wirksamkeit. Der HTRF
Bindungstest zeigte, dass FKBRiganden biochemisch mit picomolarer Affinitat an FKBPs
binden. Jedoch ist fir die Wirksamkeit von Liganden in einem zellularen Umfeld die
intrazellulare Zielproteinbindung entscheidend. Mit de m NanoBRETFTestsystem konnte zum
ersten Mal gezeigt werden, dass FKBRiganden menschliche FKBPs in lebenden Zellen binden.
Dabei wurde jedoch eine systematische Diskrepanz zwischen der biochemischen
Bindungsstarke und der zellularen Zielproteinbindung deutlich. Darliber hinaus zeigten die
Ergebnisse, dass makrocyclische Ligandenn ihrer zellularen Potenz gegeniber linearen
Liganden der SAFitKlasse (bei gleichen biochemischen Affinitdten) Uberlegen sind. Das
NanoBRETFTestsystem schliefl3t die Liicke zwischen biochemischer Bindung und zelluléaren

Effekten und wird die Ligandenoptimierung in Richtung zellularer Potenz weisen.
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FKBP51 ist im zellularen Kontext ein hemmender Schlisselregulator des Glucocorticoid
Rezeptor Signalwegs, der das funktionelle Bindeglied zu Stres$edingten Stérungen darstellt.
Mit dem GR Aktivitdt Reportergen-Testsystem konnte ich zeigen, dass die synthetischen
Liganden SAFit2 und 185M® den GR Signalweg nicht reaktivierten und keine funktionellen
Effekte zeigten, obwohl das NanoBRETTestsystem zeigte, dass dieselie FK506-Bindetasche
blockieren. Dies zeigt, dass FKBP51 den Glucocorticoid Rezeptor dulc Gerlstfunktionen
reguliert und die Bindetasche dabei entbehrlich ist. Jedoch reaktivierte der immunsuppressive
Naturstoff FK506, welcher viel weiter aus der Bindetasche hervorsteht, den Glucocorticoid
Rezeptor Signalweg. Dies zeigte dass FK506, abernicht kleinere Liganden, regulatorische
FKBP51:GRKontakte aufheben kdnnen.

Die ReportergenTestsysteme zeigen, dass die Geristfunktionen von FKBP51 nicht durch
synthetische kleine Liganden aufgehoben werden kénnen Jedoch kénnen diese Liganden, die
eine nicht funktionelle Bindetasche adressieren, zur Entwicklung von PROTACs genutzt
werden. PROTACSs degradieren das Protein unélockieren damit alle Proteinfunktionen. Da die
Entwicklung von PROTACS fur FKBP51 deutlich herausfordernder war als erwartet, musste eine
groRe Anzahl an PROTAGKandidaten getestet werden. Un 220 FKBRfokusserte PROTAC
Kandidaten bezlglich des Abbaus der relevantesten FKBPs zu testen habe ich eGFP
fusionsbasierte ProteinmengenReportersysteme fir FKBP12 und FKBP51, sowie einen HTRF
basiertes ProteinmengenReportersystem fiir FKBP52 etabliertUberraschenderweise hatten die
PROTAGKandidaten eine starke Degradationspraferenzfir FKBP12 gegenliber dendhnlichen
Homologen FKBP51 und FKBP52Von den Kandidaten war dabei eine GrofR3zahl aktiv flr
FKBP12, sechs fiur FKBP51 und keiner fir FKBP52. Eine sich anschlielende Analysen
FKBP12FKBP51X! Tauschmutanten zeigte, dass die FK2 und TPR-Domane die Abbaubarkeit
negativ beeinflussen. Die Linker-basierte Optimierung eines PROTAG der ersten Generation
mit begrenzter Selektivitat konnte jedoch die negative Abbauraferenz fur FKBP51dberwinden
und fihrte zu dem potenten FKBP51 PROTAC SelDeg51 miterbesserterzelluléarer Aktivitét
und Selektivitat. SelDeg51 baut FKBP51 auf effiziente Weise ab und ist die beste Substanz ihrer
Art. Durch Bestéatigung des Wirkmechanismus und eine griindliche zellulare Charakterisierung
habe ich SelDeg51 als niitzliches funktionelles Werkzeug etabliert. Anschliel3end konnte ich in
einem ReportergenTestsysteme zeigen, dass der Abbau von FKBP51, aber nicht die Inhibition,
den GRSignalweg auf potente Weise reaktivierte. Dieses Ergebnis demonsert eine
fundamental neuartige Pharmakologie mit hoherer Wirksamkeit gegeniber kleinen funktionell

inaktiven synthetischen Liganden.



Die Natur hat wiederholt auf FKBP12 als Adapterprotein zurickgegriffen, um die Wirksamkeit
von molekularen Klebern zu erméglichen. Zusammen mit der hohen Abbaubarkeit von FKBP12
deutet dies an, dass FKBP12 ein ideales Modellsystem fur die Entdeckung von
Proteinabbawinduzierenden molekularen Klebern sein kénnte. In geeigneten Fallen kénnen
Liganden molekulare Kleber sein, die zusatzlichen Funktionen besitzen. Ich habe in dieser
Studie das eGFHusionsbasierte ProteinmengenReportersystem fir FKBP12genutzt um durch
zellulare Tests aus dber 900 hauseigenen FKBRiganden Proteinabbauinduzierende
molekulare Kleber fur FKBP12_eGFP zu identifizieren. Aus der StruktwAktivitatsbeziehung der
primaren Treffer sowie aus der Struktur von inaktiven Analoga konnte eine rationale Strategie
zur Optimierung des vielversprechenden Treffers abgeleitet werden Die Optimierung fuhrte
zur Syntheseder SubstanzPPu670, welche doppelt soeffektiv wie das Ausgangmolekul war.
AnschlieRende zellulare Testszeigten einen FK506-Bindestelle- und Proteasomabhangigen,
aber Neddylierungs-unabhangigen Wirkmechanismus Letztendlich identifizierte ein e CRISPR
basierte Genom-weite Funktionsverlustanalyse die E3 Ligase UBR3als relevantes Zielprotein
Meine Studie demonstriert, dass Zielprotein-fokussierte Substanzbibliotheken abbauende
molekulare Kleber enthalten kénnen und dass sich diese durch zelluldare Testsysteme

identifizieren lassen.

Zusammengefasst werden dievon mir entwickelten Testsystemewegweisend in der kiinftigen
Entwicklung von FKBPRLiganden sein. SelDeg51 kann genutzt werden, um alle
Proteinfunktionen zu blockieren und um die Frage zu beantworten, ob zelluldre FKBP51
Mengen in einem bestimmten Kontext wichtig sind. Dartber hinaus zeigt meine Arbeit, dass
zellulare Tests von zielgerichteten Bibliotheken ein fruchtbarer Ansatz sein kdnnen, umProtein-

abbauendemolekulare Kleber zu entdecken.



2.2. Abstract

The FK506-binding proteins FKBP12, FKBP51 and FKBP5&re peptidyl-prolyl isomerases and
best known for their ability to enable the natural molecular glues FK506 and Rapamycin.
Among them, the large FKBP51 and FKBP52 are@chaperones in the Hsp90machinery and
key regulators of glucocorticoid receptor signaling, with FKBP51 inhibiting and FKBP52
potentiating GR activity.

To support the development of FKBRdirected drugs, | first established a panel of assays to
address key biochemical and molecular biological aspects of FKBPs. (i) | developed a HTRF
based binding assay 6r FKBP ligands. Ths assay allows precise affinity determinationfor a new
generation of ultra-high affinity FKBP ligands. (ii) Next, a NanoBRET assay for FKBP ligand
profiling in living cells was developed, optimized and semi-automated. With this assay, FKBP
ligands can be rapidly profiled for intracellular target-engagement. (iii) To assess the key
cellular functions of FKBP51 and FKBP52 in glucocorticoid receptor signaling, | established GR
activity reporter gene assays. Additionally, | developed (iv) eGFP fusionbased FKBP12 and
FKBP5Zlevel reporter assays as well as (v) a HTRFbased FKBP52 level reporter assay to assess

the degradation of the respective FKBPs.

Ligand affinity is a key parameter for ligand efficacy. The HTRF assay demonstrated that FKBP
ligands biochemically bind to FKBPs with picomolar affinities. Yet, intracellular target
occupation is critical for ligands to act in a cellular environment. The NanoBRET binding assays
unambiguously demonstrated for the first time that FKBP ligands occupyhuman FKBPs in living
cells. However, a general oftset between biochemical affinity and intracellular target
engagement became evident. Additionally, the resuls showed the superiority in cellular
potency of macrocycles compared to linear SAFitype ligands with similar affinity. The
NanoBRET assay bridgeghe gap between biochemical binding and cellular effects and will
thereby further guide ligand optimization towards ligands with cellular potency.

In a cellular context, FKBP51 is a key regulator and inhibitor of glucocorticoid signaling, which
constitutes the functional link to stress-related disorders. Using the glucocorticoid signaling
reporter gene assays, | was able to demonstrate that the syntétic ligands SAFit2 and 185
did not reactivate FKBP5ZXsuppressed GR signaling and were functionally silent, albeit they
occupied the FK506binding site as evidenced by the NanoBRET assay. This demonstrates that
FKBP51 regulates the GR through scaffolothg functions and that the binding pocket is

dispensable for GR regulation. However, the immunosuppressive natural product FK506, which



protrudes far further from the binding -site reactivated GR signaling. This shows that FK506,

but not smaller ligands, can abrogate regulatory FKBP51:GR contacts.

The reporter gene data show that the scaffolding functions of FKBP51 cannot be addressed by
synthetic FKBP ligands. But ligands for nonfunctional binding sites can be used to generate
PROTACSs that degrade the protein and therefore abolish all protein funtions. Since the
development of PROTACSs for FKBP51 turned out to be much more challenging than expected,
a large number of PROTAC candidates needed to be profiledTowards this aim, | established
the eGFRfusion based FKBP12and FKBP5Zlevel reporter assays and the HTRFbased FKBP52
level reporter assay to test 220 FKBRdirected PROTAC candidates for degradation of the
respective FKBPs.Surprisingly, the PROTAC candidates had a strong degradation bias for
FKBP12 over the close homologs FKBP51 and FKBP52mong the candidates, a plethora of
PROTACSs was active for FKBP12, six for FKBP51 and none for FKBP52. Subsequent, FKBP12
FKBP51I*! swap mutant analysis showed that the presence of the FK2 and TPR domain
negatively influences the degradability. However, linker-based optimization of a first generation
PROTAC with limited selectivity overcame the negative degradation bias for FKBP51 and lead
to potent FKBP51 PROTAC SelDeg51 with improved cellular activity and selectivity. Ultimately
SelDeg51 is the bestin-class compoundand efficiently depletes FKBP51. | established SelDeg51
as a useful functional tool through thorough cellular characterization and by confirming its
mode of action. In subsequentreporter gene assays, | could show that FKBP51 depletion, but
not inhibition, potently reactivated GR signaling. This demonstrated a fundamentally different

pharmacology with enhanced efficacy compared to the functionally silent synthetic ligands.

Nature repeatedly resorted to FKBPs as adapter proteins to enable molecular glues. Taken
together with the high degradability of FKBP12 this indicated FKBP12 as ideal model system to
discover molecular glue degraders.In favorable cases, ligands can be molecular glues that
possess additional gain of function properties. In this work, | used the eGFPfusion based
FKBP12 reporter assays to discoveFKBP12_eGFP degrading molecular glues through cellular
testing of >900 in -house FKBP ligands. The structureactivity relationship of the initial
screening hits and inactive analogs enabled the rational optimization of the most promising hit
into PPu670 with doubled cellular potency. Subsequent cellular analysis revealed a FK506
binding site- and proteasome but not neddylation -dependent mode of action. Finally, a
CRISPRbased genomewide knockout screen identified UBR3 as the relevant engaged E3
ligase. This work demonstrates that targetfocused libraries can contain molecular glue

degraders and that the E3 ligase UBR3 is glueable and can be (re)directed to nec-substrates.
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Overall, the assays | established will be instrumental to guide future FKBP ligand development.
SelDeg51 can be used to target all protein functions and answer the question if cellular FKBP51
levels matter in certain contexts. Finally, my work demonstrates that cellular testing of target-

focused libraries can be a fruitful approach to discover molecular glue degraders.



3. Introduction

3.1. FK506-binding proteins

FK506-binding proteins (FKBPs) are named after their ability to tightly bind the
immunosuppressive drug FK506 and thus belong next to cyclosporin-binding cyclophilins to
the protein family of immunophilins. Many members of these protein families possess catalytic
peptidyl-prolyl -isomerase (PPlase) activity and catalyze the transition of peptide-prolyl bonds
from cis- to trans-configuration. Most peptide bondsin proteins occupy an energetically more
favorable trans-configuration (> 99.9%) due to higher steric hindrance between neighboring
amino acids in the cis-configuration. Proline is an exception, where the cis-configuration is
populated up to 5% [1] . This cis- trans-conversion increases the structural variety of protein
folds and is considered a ratelimiting step in protein folding [1]. FKBPs feature versatile
structures but share a least one archetypical PPlasedomain which folds into five beta-sheets
that curve around an "-helix. While the localization of FKBPs is diverse the most prominent

members FKBP12, 12.6, 51 and 52 residenainly in the cytoplasm.

3.1.1. Cellular functions of prominent FKBPs

FKBP12wasfirst described in 1989 and is most prominently known to act as receptor for FK506
and Rapamycin [2-4] enabling their immunosuppressant properties via a gain-of-function
mechanism (see 3.2.1). With only 12 kDa FKBP12the smallest member of the immunophilin
family. However, FKBP12.6 features 85% similarity compared to FKBP1$5] . Both contain only
the PPlase core domain(Figure 1A). Strikingly, FKBP12 knockouts in mice are embryonically
lethal [6] but pharmacological inhibition of FKBP12has been demonstrated to be tolerated by
the clinical use of FK506 and Rapamycin. It is hypothesized that embryonic lethality can be
attributed to severe heart defects caused by FKBP12's regulatory role of ryanodine receptors

[6] , which are calcium channels and involved in muscle contraction.



Figurel Structures of FKBP12 and FKBR&Irytal structure (pdb: 1FKJ) of FKBR&# cartoon and transparent surfacie)

complex with FK50fshown as spheres)B Superimposition of the crystal structures of FKBP51 (pdb: 5GM&wn as
cartoon) in complex with FK506 (golden spheres, superimposed from 305R; FKBRS FKBP5%2 blue, FKBP3R

green)

The large FKBPs FKBP51 and FKBP5Respectively encoded by theFKBP5and FKBP4genes,
consist of three domains: (i) An N-terminal FK1 domain that exhibits PPlase activity and binds
FKBP ligands (i) An enzymatically inactive FK2 domain that does not bind FKBP ligands but
shares a similar fold with the FK1 domain, and (iii) a Cterminal tetra tricopeptide repeat (TPR)

domain that mediates Heat shock protein 90 (Hsp90) binding (Figure 1B) [7] . FKBP51 and
FKBP52are close homologs (60% identity and 75% similarity) and act as cochaperons inthe

Hsp90 machinery (Figure 2).



FKBP51FK1

FKBP51TPR

Figure2 CrycEM structure 6the FKBP51:Hsp96omplex.(Hsp90 monomers: light and dark grey; FKBFbGied;
FKBP5¥2 blue;FKBPSTER green;PDB: 717]8])

Hsp90 is involved in the folding and functional maturation of at least 10% of the eukaryotic
proteome [9] . While several Hsp90-dependent regulatory roles of FKBP51 arepostulated (e. g.
CDK4[10] and Tau [11-13]), FKBP51 and FKBP52emain best described as ceregulators of
the steroid hormone receptors (SHRs) and are thought to finetune the maturation thereof.
Their physiological importance becameevident in transgenic studies of knockout mice. While
FKBP52 knockout mice display severely compromised sexual development14,15], FKBP51
knockout mice were protected from various forms of chronic pain [16,17] and showed
enhanced stress coping behaviof18 - 20] without displaying adverse phenotypes[16,21-23].
In humans, the FKBP5gene contains several glucocorticoid responsive elements (GREE and
FKBP51 expression is robustly inducedby steroid hormones across various tissues[24] .
Additionally, several single nucleotide polymorphisms have been reported and functionally
annotated to enhance FKBP51 expressionThese have beenlinked to an increased risk for
stressinduced disorders [25]. DI @N 3/ %q p ¢ e s jglucocmrpcaid receptoc (GH |
signaling functionally links FKBP51 expression and stress signaling. Thereby, FKBP51
negatively regulates GR activity through an ultra-short negative feedback loop[26] . However,
FKBP51 is not the sole regulator of steroid hormone receptors (SHRspamong the FKBPsbut
acts in concert with FKBP52.The two immunophilin sdisplay a clear antagonizing behavior in
the regulation of several members of the SHR family including the glucocorticoid receptor,
progesterone receptor (PR) and to a lesser extenhof the mineralocorticoid receptor (MR) with
FKBP52potentiating and FKBP5Z-inhibiting receptor activity [27] . For the androgen receptor
(AR) the regulatory role of FKBP51 is more ambiguous and might be cell typedependent. Here,

FKBP51 was repeatedly postulated as an AR potentiator in prostate cancer cell lineR28 - 30]
9



but showed no or negative AR regulatory effects in other mammalian cell lines [31-33]. The
estrogen receptor (ER) was demonstrated to be just modestly influenced byHsp90 inhibition
[32] and thus likely by TPR domain containing proteins as FKBP51 or FKBP52, yet both have
been describedto be associatal with the ER [32] .

SHRs undergo a complex Hsp9&dependent maturation cycle to reach their active ligand-bound
state. Here, the GR maturation has been investigatedas a model systemand key intermediate
stepswere structurally elucidated . The minimal machinery for GR activation includes Hsp90 as
well as the co-chaperons Hsp70, Hsp40, HOP and p2334] . Initially, the steroid hormone-
unbound GR ligand binding domain (apoGR?®P) is partially unfolded by Hsp70 and Hsp40 and
transferred to Hsp90 with the help of HOP and another Hsp70 that scaffolds HOP and Hsp90
rm aml gr gr sajcg alfrc jrrir_gl8y]l. Ehis aomlax doesnbb containp23 [35] .
The GR is therebythreaded through the Hsp90 dimer lumen [35] . However, the functional
mechanism of this threading is not fully clear, even though it could be of high physiological
relevance It is postulated to play an important role in opening the binding pocket . From there,
the GR maturation progresses further to p23 and/or FKBP containing apoGR{Hsp90).
complexes[36] . The p23:(Hsp90) .: GRB°complex was recently structurally elucidated by cryo-
EM_I b rcpkcb Kk _r[87p.Aovgriay of tasmtkuctyrecand%he cryo-EM structure
of the FKBP51:(Hsp90):p23 complex[8] indicated that the FKBP51would clash with the GR-2P
in this conformation [27] . This further implied that FKBP51 and the GIREP have to undergo
substantial conformational changes to accommodate each othef27] . The structural elucidation
of the FKBP containingapoGR:(Hsp90). complexesis matter of ongoing research. Ultimately,
the ligand bound GR is released from Hsp90 complexes to act as a transcription factorYet, the

mode of action of how FKBP51 and FKBP52 differentially regulate GR activityis not fully clear.

Next to its role in steroid hormone receptor signaling, FKBP51 has beenpostulated as a
regulator of the Akt and NF-[B pathway. Akt (or protein kinase B (PKB)) is a serine-threonine
kinase that acts as a central regulator of cellular pathways. FKBP5Was first suggested to act
as a scaffold which recruits the phosphatase PHLPP via the FKBP3AR domain to act on Akt
which is recruited via the FKBP5I*' domain, thereby negatively regulating AKT
phosphorylation and hence activity [38] . Conversely, truncation studies suggestd a bimodal
model for Akt binding, where the FKBP51™! domain alone interacts with AKT, but binding is
also partially mediated via Hsp90 that is bound to the FKBP51PRdomain [39] . Notable for the
suggested modelis that neither the PPlasedead FKBP51¢7°P%8V mutant nor FKBP ligands

disrupted AKT:FKBP51 association and an increase of Akt phosphorylation was observegpon
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FKBP51 overexpression More recently, different models [40-42] for FKBP5tmediated Akt
regulation were suggested However, the precise mode of action is stillunder discussion

In NF-[B signaling, FKBP51 is described to be associated with several members of the IKK
complex (IKKj, IKKr, IKKr) but the underlying mechanism and outcome of pathway regulation

is controversial [7] .

3.1.2. Pharmacological FKBP inhibition

The first FKBP ligands describedwere the natural products FK506 and Rapamycin which bind
FKBPsmainly via their pipecolate moiety. Initial ligand development focused on cyclic and
acyclic FK506 analogs [43] constituting the ligand classes of pipecolateketoamids and
pipecolate-sulfonamides. Then computational studies suggestedthat bridg ed bicycles fitwell in
the binding pocket of FKBPs[44,45] . Following the idea of bridging and rigidification [4.3.1]-
bicyclic mimics of the pipecolate moiety lead the development of a class ofhighly potent, but
unselective bicyclic FKBP ligands[46 - 53]. In 2015, the first selective ligands for FKBP51 were
identified. The ligands were designed to use a bumpand-hole approach to artificially enable
selectivity for engineered FKBP mutants over their wid type counterparts. Strikingly , one of the
ligands still displayed affinity for wild type FKBP51 but not wild type FKBP52. Co-crystal
structures revealed a conformational change was inducedn FKBP5l1land Phe67 was displaced
by the * skn% md . Suleseqyent eptitikation of the ligand led to the selective
antagonists of FKBP51 byinduced-fit (SAFit) family [54] . The compounds of the SAFit class
retain the induced-fit binding mode and feature selectivity over FKBP52. SAFit2binds with high
affinity to FKBP51 (Kp = 62 nM), displays >10000 selectivity over FKBP52 and is the gold
standard for FKBP51 pharmacology [55] . Additionally, recent approaches focus on the
macrocyclization of linear SAFittype ligands to improve drug-relevant properties [56,57] .
Macrocyclization can pre-organize a bio-active conformation to minimize an entropic loss upon
binding and thus increase the affinity [58] . Additionally, this approach can also improve cell
permeability of ligands. Macrocycles can havethe ability to change their conformation when
traversing hydrophobic lipid membranes thereby burying polar groups that are normally
solvent-exposedin aqueous solution[59] . Up to date, a focusedlibrary of >1000 FKBP ligands
has beenassembled in the Hausch Lal{Figure 3) [46 - 54,56,57,60-64] .
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3.2. Molecular glues 1

Molecular glues (MG), here defined as small molecules that engage two protein surfaces to
induce or enhance the affinity between the two proteins, have historically been considered a
rarity and peculiarity of some natural products. In the late nineteen nineties the molecular glue
mechanisns of the immunosuppressive drugs FK506, Rapamycin and Cyclosporin were
unraveled and led to initial enthusiasm . But synthetic approaches to developde novomolecular
glues to induce protein-protein interactions (PPIs) were not met with success at that time.
However, the enthusiasm was revivedwith the development of proteolysis-targeting chimeras
(PROTAQG) and serendipitous discovery of several PPI inducingMGs. As a general mode of
action MGsbind an accessory protein (AP, adapter protein or presenter protein) toact together
on a protein-of-interest (POI or target protein). If the accessory protein forms beneficial PPIs
with the composite POI surface (positive cooperativity) MGs can enable targeting of POI
surfaces that would otherwise not be addressable Figure 4A). That effect is evident for FK506
and Cyclosporin A as well as Rapamycin These natural products address shallow surfaces on
the phosphatase calcineurin and the kinase mDRC1 together with their respective APs FKBP12

and Cyclosporin. Thereby, they inhibit signaling and enabl e immune suppression.In that case,

1 This chapter contains excerpts and adaptions thereof as well as figures and adaptions thereof from the previously published
review:

Geiger, T. M.** Schéfer, S. C., Dreizler, J. K., Walz, M., & Hausch, F.* (2022). Clues to molecular glues. Current Research in
Chemical Biology 2, 100018. * **: Corresponding author
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the AP acts as an interaction relay. The MG tightly engages with the AP and moieties of the
small molecule that would normally protrude unproductively in the solvent , engage in
interactions to the POI (Figure 4A red lines). In turn, the AP and POI canreinforce ternary
complex formation through direct interactions of their surfaces (Figure 4A green lines).
Additionally, MGs can act as PPI stabilizersif the accessory protein and the POI interact
substantially with each other by nature (Figure 4B). Here, the POl and AP are often in a
functional context and the affinities of the MG are more moderate. When gluing enzymes MGs
can act catalytically and redirect enzyme activities to neo-substrates (Figure 4C). This case is
most apparent for E3 ligases and degradative MGs buttheoretically not limited to that enzyme
class. Here, the catalytic mode of action can enable effectiveness eveior weak MGs that feature
low target recruitment. Additionally, MGs can confer tissue specificity depending on the
abundance of the respecive AP (Figure 4D). This was first transferred to practice by a VHL-
based BCEXL PROTAC which spared BCIXL degradation in cells that poorly expressed VHL
[65] . Finally, the AP and POI engaging moiety can be integrated into one compact scaffold as
for strict MGs like FK506 or be clearly separated by a linkeras in PROTACs Figure 4E).
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3.2.1. Natural Immunophilin  -based molecular glues

The Cyclophilin 18 (Cyp18)-binding Cyclosporin A (CsA)(Figure 5A) wasfirst discovered in an
antibiotic screening program [67] and found to be immunosuppressive however initially the
mode of action was unclear. Later, it was unraveled that a binary Cyp18:CsA complex,but not
CsA alone, can engage the calcium/calmodulin -dependent serine threonine protein
phosphatase calcineurin (CN [68] . Thereby, access to CN substrate suchas NFAT (nuclear
factor of activated T cells) is allosterically restricted ultimately reducing the function of effector
T-cells [69] . Additionally , Sanglifehrins were discovered in a screening program directed to
identify compounds that block the CsACyp18 interaction [70] . However, Sanglifehrin A (SfA)
(Figure 5B) does not target CN but still modulates cell growth. Structural analysisrevealedthat
SfA engagesthe CsAbinding site in Cyp18 but large parts of the molecule are solvent exposed.
Later it was identified that the SfA:Cypl8 complex targets the inosine50-monophosphate
dehydrogenase 2 (IMPDH2),but GKNBF0%q a_r _jwrga _argtgrw pck._

clear that IMPDH2 is involved in de novoguanine nucleotide biosynthesis which is increased in

proliferating cells, the precise modeof action of SfA is still unclear [71] .
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Figure5 Chemical structure of Gyclosporin A and Sanglifehrin AFigure adapted fronf66].

FK506 and Rapamycin(Figure 6C&D) are immunosuppressive drugs that tightly bind FKBPs
[72] instead of cyclophilins. Similar to CsA%anode of action, FK506 first engages its AP
(FKBP12) and then the FK506:FKBP12 complex binds CN73,74] thereby blocking access to
down-stream targets of the phosphatase(Figure 6B). Rapamycin on the other hand associates
with FKBPs tobind the FKBR-Rapamycin binding domain of mTOR (FRB) to allosterically inhibit
the mammalian (or mechanistic) target of Rapamycin kinase complex 1 (mTORC1) (Figure 6A)
[75,76] . Inhibition of this kinase severely impacts cell growth and proliferation due to its
regulatory role of protein synthesis. This natural product is a prime example of MGs as it tightly
binds FKBP12,but not to FRB alone and no direct binding of FKBP12 and FRBs detectable

Only when bound to FKBP12 Rapamycinleads to stable ternary complex formation [4,72] .
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Normerdamycin [78] , and Antascomicins [79] ) for the AP FKBP12are postulated but their

respectiveternary target protein partners are still to be elucidated.

Nature repeatedly resorted to immunophilin -based molecular glues to address otherwise
undruggable shallow surfaceswhich highlights that immunophilins might be ideal adapter

proteins. Additionally, most of these natural products or analogs thereof have been or are still
clinically used as evidenced by the drugs Sandimmune, Tacrolimus, Srolimus etc.). This
demonstrates that pharmacological inhibition of Cypl18 and FKBP12 is generally tolerated.
However, it is still not fully clear how rare or rather how prevalent immunophilin -based
molecular glues really are, espedally among synthetic FKBP ligands.Progressis being madeto
answer that question. Guo ard coworkers generated a 45000-molecule library - termed
Rapafucins - of hybrid macrocycles consisting of an optimized FKBRbinding domain of

Rapamycin and a combinatorically assembled tetrapeptide effector domain. Phenotypic
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screening of this library revealed Rapadocin that bound nucleoside transporter hENT1
(Ki = 180 nM) alone but binding was 30-fold enhanced in presence of FKBP1280] .

3.2.2. Synthetic d egradative molecular glues

Thalidomide (Figure 7C) originally sold in the 1950s as a sedative under the brand names
Contergan or Thalomide lead to catastrophic effects among new-born children when

administered during pregnancy which resulted in removal from the market in 1961 . This

medical disaster became known as the Contergan or thalidomide scandal. However, in 1998
thalidomide was reinstated and approved for the treatment of cancer by the FDA as the

compound was demonstrated to have mmunomodulatory and anti-inflammatory properties.

Hence the name IMiDs (Immunomodulatory imide drugs) for the compound class comprising

thalidomide and its analogs was formed. In 2010, cereblon (CBRN) andthe associatedDDB1

(damaged DNA binding protein 1) were identified as primary binding partners [81] . In the

following, it was demonstrated that IMiD binding redirects the E3 ligase substrate receptor
CBRN to ZFK1 and ZFK3transcription factors that are recognized as neo-substrates and

subsequently degraded [82-84] (Figure 7A&B). Today, several additional neo-substrates of
IMiD:CBRN complexes have been identified such as ZFP91 [85], casein kinase 1 alpha
(CSNK1A1)[86] or GSPT1[87] .
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Strikingly the neo-substrates did not share any primary degron similarity except a glycine at a
certain position in the recognized hairpin loop [85]. Furthermore, it became evident that
hydrogen bonding of three backbone carbonyls inthe surface exposed turn of the hairpin loop

was essentialfor the induced interaction [82,88-90]. While the glutarimide ring is responsible

for CBRN binding, the phthalimide moiety is (together with CBRN) responsible for neo
substrate recruitment. Thus, phthaloyl ring derivatization was explored to unlock new neo -
substrates or to increase efficacy. This led to the development of second generation IMiDs for
ufgaf rfc | _kc ~"ACIJKmBgq% &Acpc j[el]. C1 jge _qgc

After IMiDs, another class ofmolecular glue degraders were uncovered. Aryisulfonamides as
Indisulam, Tasisulam, E7820 or CQS(Figure 8A) recruit the E3 ligasecomplex Cu4-DCAF15
to degrade the RNABInding Motif Protein 39 (RBM39) and its paralog RBM23 [92-94].
Additionally, a RBM39-selective degrader was discovered Figure 8B) [95] . Different to IMiDs,
aryl-sulfonamide degraders have very low affinities for DCAF15 alone (K;> 50 uM for
indisulam and tasisulam) but display synergistic binding in presence of both DCAF15 and
RBM39[96] . Hereby, a shallow pocket in DCAF15 is engaged. In the ternary complexthe aryl-
sulfonamides are buried between the proteins and form direct and water-mediated contacts to

both while the proteins engage in hydrophobic contacts to each other[96-98]. This mode of
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action for ternary complex formations suggeststhat the AP does not need to be directly

ligandable and high binary affinity is not a prerequisite for effective MGs.
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Figure8 Arylsulfonamide recruitingCul4:DCAF15 glueShemical suctures of A Indisulam[92,94] Tasisulanj92], E7820
[94], CQ$92,94]and B of dCeMM1[95]. Figure taken fronf66].

With the rise and rise of IMiDs as cancer drugs[99] , MGs started losing their reputation as
peculiarities of natural products and the field focused increasingly on the rational discovery of
MGs. Using different approaches, two of which directly aimed for discovery of degraders, four
independent groups discoveed structurally distinct cyclin K degraders. Skbicki et al. were the
first to report such a molecule [100] . They systematically correlated cytotoxicity of a library of
small molecules with E3 ligaseexpression levels across several cancer cell lines to discover ER
8. Tounravel CR6 ~ q k mb c¢ theydemployed g3rigasefocused CRISPRCas9 resistance
screen. They were able to identify Cul4-RBX1:DDB1 complex as a crucial component but were
unable to identify any cognate Cul4-DDB1 associated factors (DCAF) that normally serve for
substrate recruitment. Instead, they subsequently employed a genomewide CRISPRCas9
cyclin K_eGFP reporter stability screen to identify thecyclin-dependent kinase 12 (CDK12),that
binds to and depends oncyclin K for its activation, as essential for cyclin K destabilization. A
crystal structure revealed that CR8 binds the ATRpocket of CDK12and recruits the complex
to DDB1. Thereby, CDK12 functions as a druginduced substrate receptor to enable the
degradation of its interaction partner cyclin K. Interestingly a weak binary affinity, although
unlikely physiologically relevant, was reported for DDB1 and CDK12.Several CDK12 inhibitors
that engage the same site,were able to recruit CDK12 to DDBL1 In vitro, they induced cyclin K
ubiquitination, albeit weaker than CR-8, but this recruitment did not lead cellular cyclin K
degradation. This suggests the existence of a minimal ternarycomplex formation threshold that
is necessanyfor degradation. In the following, Mayor-Ruiz et al. [95] , Lv et al. [101] and Dieter
et al. [102] also reported cyclin K degraders in quick succession Mayor-Ruiz et al. used a
comparative screening approach and tested 2000 cytostatic/cytotoxic molecules in neddylation
proficient and hyponeddylated cells. The hyponeddylated cell line hasbroadly abrogated cullin -

Ring ligase functionsand the comparative approachallowed functional correlation of the small
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molecule mode of action to cullin -Ring ligase activity . In that way, they were able to identify
three cyclin K degraders. The other two studies serendipitously discovered cyclin K degraders
in a luminescent reporter-based highthroughput screen for NRF2 inhibitors [101] and in a
phenotypic cell viability screen against primary colorectal cancer tumor cells [102] . While
structural confirmation of the ternary complex is still pending for the latter three studies, their

results suggest a similar mode of action of all cyclin K degraders.
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Figure9 Cyclin K degradeverview.A, CCartoon representation of cyclin K (green), CDK12 (re@®) (Spheres or stick model)
and DDBZcyan)(pdb: 6TD3[100]). Chemicaktructuresof BCR8[100], DdCeMM2, dCeMM3, dCeMM85], EHQ461[101]
andFNCT04102]. Figure adapted fronf66].

Like cyclin K degraders and distinct to IMiDs,BRD4 degrading molecular gluesengage primarily
their target and then recruit it to a E3 ligase. The bromo domain containing BRD4 is a
transcriptional and epigenetic regulator that has been repeatedly targeted for proteasomal
degradation with PROTACs [103-105]. However, a patent disclosure [106] described a
monovalent BRD4 degrader that consists of the classical BET inhibitor JQ functionalized with
propargyl amine tail (Figure 10A), but the mode of action was not reported. Recently, Shergalis
and colleagues resynthesized the compound and used arrayed CRISPR knockit screens to
identify DCAF16 as the relevant substrate recognition receptor[107]. Additionally, close
analogs of GNEOOO1 with covalent warheads (Figure 10B) were recently reported to target
BRD4 for degradation in a DCAF16dependent manner and covalently modify DCAF16[108] ,
which was confirmed by cryo-EM structures of the BRD#P2%glue:DCAF16 complex. A second
patent [109] recently disclosed a BRD4 degrader Figure 10C) with a DCsq of 150 pM that

displayed strong growth inhibition in several cancer cell lines and outclassed the prominent
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BRD4 PROTACs MZ and ARV-771. The PROTAGIike structure of the compound comprises

the bromodomain ligand JQ-1 which is tethered to the core structure of aryl-sulfonamide

E7820, which indicates that compound was likely aimed to degrade BRD4 in DCAF15
dependent manner. However, the Ciulli lab discovered in competition experiments with the
sulfonamide warhead E7820 that degradation was not blocked. Additionally, the PROTAC like
compound was still active in DCAF15 knockout cells. Instead, they revealed DCAF16s the
relevant E3 ligase Strikingly, a cryo-EM structure showed that the compound bivalently binds
both bromodomains of BRD4 and glues the complex to DCAF16[110]

Gen-0001 MMH1 MMH2 Compound 1

Figurel0 Chemical structures off4 degrading molecular glugsGer0001,B MMH1 and MMH2CCompound 1

The discovery of BCL6 degraderssuggestedanother distinct mode of action for degradative
MGs. A subset of Inhibitors of BCL6which bind the BCL6BTB domainand aimed to abolish the
interaction to co-repressor proteins were demonstrated to be potent BCL6 degraders[111].
Hereby, the degraders surpassed the efficacy of nowlegrading inhibitors. Interestingly, these
degraders induced precipitation of their target protein in biophysical assays. In structural
studies it was later shown that a solvent exposed moiety of BI3802 (Figure 11C) induced homo-
multimer formation through interaction with a neighboring BTB -domain, which then leads to
higher-order filament s (Figure 11B). Genomewide CRISPRCas9 screens revealed th&3 ligase
SIAH1 to be responsible for druginduced and endogenous BCL6 degradation. SIAH1
recognized a VxP motif and displayed a weak affinity for isolated BCL6 but the affinity was
strongly enhanced for BCL6 filaments [112] These finding suggest ligand-induced

multimerization of target -proteins as new mechanism for targetedprotein degradation.
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Figure 11 Overview ofBCL6 degrader E3802. A BCL6 BTB domain dimer (monomersoamd in khaki andight blue
respectivelypdb: 3E4Q. B BF3802induced (sphereshigher order filaments (BCL6 dimers labelled in distinct colqais:
6XMX. CChemical structure of E3802 Figure taken fronf66].

Noteworthy in the context of primary target-engaging degraders are also selective estrogens
receptor degraders (SERDs) such as fulvestran{Figure 12). It is hypothesized that fulvestrant
binding to ER induces conformational changes leading to increased surface hydrophobicity
which ultimately results in degradation [113] . Despite the clinical use of fulvestrant the precise

mode of action is not known.
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Figure12 Chemical structure ofulvestrant.

Together these discoveres highlight that primarily target-engaging molecules principally can
be degradersthrough different mechanisms. The question of to which extent degraders or more
generally molecular glues can be found in targeted libraries is still the subject of ongoing
research and difficult to estimate. It appears to be important that the ligands feature either

solvent exposed moieties or remodel the protein structurally.
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3.2.3. Screening for molecular glues

Molecular glues have matured into a new modality in drug discovery. One of the key questions
is how to discover molecular glues and which approach to take. Phenotypic screenings have
been prevalent in drug discovery and repeatedly lead tothe discovery of MGs[114] . They detect
a functional outcome (e.g., cell death) but are generally agnostic towards the mode of action
and glue-like mechanisms have been uncovered in followup validation. To identify degraders,
phenotypic screens can be biased towarda degradative mode of action (e.g., for a dependence
on a functional cullin E3 ligase machinery [95]). Alternatively, POldegradation can be
functionally coupled to an gain [115] or loss of a signal, if the POI is predetermined. CRISPR
knockout-screens are a reoccurring method to subsequently identify the relevant E3ligase
components. Khockouts of relevant E3ligase componentsblock POI degradation, which canbe
coupled to a fluorescenceor luminescencereadout through e.g. POl_eGFP or POI_HHIi T fusions
[100,107,110] . Thereby, the sgRNA librariescan focuson the ubiquitin -proteasome system or
be genome-wide. An elegant approach where the E3ligase is predetermined was recently used
to discovery MGsin target agnostic manner [116] . Here, recruitment of a neo-target shielded
the HiBiT-fused E3 ligase DCAF15from self-ubiquitination and degradation which lead to a
luminescence increaself both POI and AP are predetermined assays that intentionally detect
proximity such as HTRF or AlphaLISA-based methods, can be employed. However, here a
functional outcome of the induced interaction is not guaranteed. Taken together, the most

appropriate approach depends on thePOl and the desired functional outcome.
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3.3. Bivalent functional tools

Bivalent functional (or hetero-bifunctional) tools consist of two ligands, in most cases of
differing specificity, which are connected via a linker (Figure 13). Following this principle, they
canberationally designedgiven that ligands for the protein of interest and the accessory protein
are available. In practice, empirical exploration using different POl and AP exit vectors as well
as linkers differing in length is often required to find functionally active molecules. In the
ternary complex hetero-bifunctionals engage both proteins via their respective ligands Yet
structural studies revealed that, beneficial PPIs(Figure 13 red lines), linker:protein (Figure 13
purple lines) and ligand contacts to the non-cognate binding partner often contribute to
complex formation (positive cooperativity) [103,117,118] .

Proteolysis targeting chimeras(PROTACSs) might be the most prominent members of thistype
of compounds. They induce the degradation of their target protein, by recruiting an E3 ligase
that ubiquitinates the target protein which is then recognized by the proteasome. This general
principle of hetero-bifunctionals has not changed since the first proofof concept study [119]
demonstrated that the ubiquitin -proteasomesystem (UPS) can be hijacked Since then the
classes ofaddressed accessory proteinavere extended from E3 ligasesto different protein
classes Next to PROTACs lysosometargeting chimeras (LYTAC$S [120] , autophagy-targeting
chimeras (AUTAC9 [121] and Hsp7 . Bk cbg_rcb r _ g HEMTACSE[124 fhavé c p _
been describedthat induce degradation via lysosome and autophagy pathways or likely via
Hsp90-associated E3 ligases, respectively. Today severalnon-degrading bifunctional molecules
are being exploredr f _r bcncl bgl e mlcontrd differenNpést -tracistationat g m|
modifications such as de-ubiquitination [123,124], phosphorylation [125-127] and
dephosphorylation [128-131] or acetylation [132,133]. Furthermore, first reports on
bifunctional molecules that control the cellular localization of the targeted proteins are

emerging [134] .
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Figurel3 Hetero-bifunctionals consistfoa ligand for a protein of interest (POI) anéla ligand folanaccessory protein (AP)
which are connected by a linker. If the AP is an enzyme the POI can be modified. Red lines indicagmatmPPls, purple

lines indicate beneficial linker:protein contacts.
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3.3.1. PROTACs

PROTACSs are heterebifunctional molecules that comprise a POI ligand that is connected to an
E3 ligase ligand via a linker. In favorable cases, PROTACeedirect the E3 ligase to induce POI
(poly)ubiquitination and subsequent degradation of the target protein (Figure 14). The first
proof of concept for a fully synthetic PROTACto hijack the ubiquitin -proteasome systemin vitro
was demonstrated in 2001 by linking a small molecule ligand of the E3 ligase TrCP to a
phospho-peptide recognition motif of the peptidase MetAP-2, to induce ubiquitination and
degradation of Met-AP2 in extracts from unfertilized Xenopus laevieggs[119] . Three years
later, the first cell-penetrating PROTACs were reported based on theeptide from hypoxia-
inducible factor 1 subunit-; (HIF1y) that bound the E3 ligase von Hippel-Lindau tumour
suppressor (VHL) [135] . Notably, this publication also marked the first FKBP12PROTAC
although for the FKBP123%V mutant. The first non-peptidic small molecule PROTAC was
designed in 2008. It was based onnutlin -3a, a ligand for the E3 ligase mouse double minute 2
(MDM2) and degraded the androgen receptor [136] . Albeit the human proteome features
approximately 600 E3 ligases only a handful can be currently addressed by synthetic ligands
and used inPROTACsHowever, the E3ligase ligand toolbox is steadily expending [137] . CBRN
and VHL ligands are the front runners in the field and most frequently used for PROTAC
development as they combine strong specific binding affinities with an acceptable

physiochemical profile [137,138] .
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Figure14 PROTACs mode aftion. PROTACS recruit the POI tdlif8se complexes, in whithe POlis polyubiquitinated

andin thefollowing degraded by the proteasoméhe PROTAS then released and recycled

PROTACSs can have several advantages ovéraditional occupancydriven drugs. (i) They act
through a catalytic event-driven mechanism to degrade more than one target per molecule

leading to sub-stoichiometric efficacy [139]. (i) A PROTAC®® affinity for the POI and
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degradation efficacy do not necessarily correlate[140] , which is a double-edged sword high
affinities do not guarantee an active PROTAGC but on the other side this also implies that a low
affinity PROTACGCs can induce rapid degradation. Indeed, this was demonstrated for PROTAC
featuring a promiscuous kinase warheadthat displayed a low binary affinity for p38h (Kp =
5.3 puM) but induced rapid degradation thereof [140] . (iii) Aloss in binary affinity of the ligand
upon integration into a PROTAC scaffold [117] or during PROTAC optimization [141] can be
compensated and lead to functionally active degraders.(iv) PROTACSs can in principle confer
tissue specificity depending on the expression level of the engaged E3igase. This was first
demonstrated by a VHL-based BCEXL PROTAC which spared BGIXL degradation in cells that
poorly expressed VHL[65] . The development of ligands for E3 ligases with a more restricted
expression profile compared to VHL or CBRN mightlead to a more common translation of this
principle into practice. (v) A PROTAQALdegradation selectivity can substantially exceed the
parent ligand selectivity [105,142] likely due to the importance of ternary complex stability
[103] . One of the most important prospects of targeted protein degradation is that it can in
principle enable a fundamentally different pharmacology over traditional ligands by addressing
all protein functions via target depletion. Hence, ligands of functionally silent binding pockets
can be turned into functionally active PROTAG. While this is a long-standing hypothesis,
examples have been rarg117,143-145] most likely since high-quality ligands are usually not

developed for non-functional binding pockets. Due to the size and high molecular weight of

PROTACghey usually occupy aspace ofpoor physiochemical propertiesbeyondJ g n g lrulei g %q

of five [146] and are not likely to be bioavailable. Yet, oral bioavailability is possible and used
as a route of administration in clinical trials [147] . Additionally, the bifunctional nature of
PROTACSs is accompanied by the hook effect. At high concentrations bifunctional molecules can
saturate the binding sites of the POl and AP in binary complexes, whichconsequently impairs

efficacy asthe required ternary complexesis not formed.
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3.3.2. FKBP PROTACs

Chemical dimerizers for FKBP12 or its FKBP12%¢V mutant have been extensively studied in
chemical biology [43] and the proteins were used as modelproteins to demonstrate the proof
of principle for VHL-[135] , CBRN [148] , DCAF11[149] , and DCAF16based[150] PROTACS.
Furthermore, bumped FKBP12 ligands containing chloroalkanes for the hole-modified
FKBP123% mutant were used to recruit HaloTag-fused E3 ligases to FKBP12*®_eGFP reporter
constructs in order to accessthe E3 ligases for small molecule induced protein degradation
[151] . FKBP12 also served as a modgbrotein to demonstrate the efficacy and practicality of
global PROTAGIinduced protein knockdown (sparing the brain if administered i. p.) in mice and
rats as well asin larger mammals (Bama pigs and rhesus monkeys)[152] . Additionally,
chemical- genetic model systemsto control the levels of target FKBP123¢V fusion proteins with
PROTACSs based on bumped FKBP12 ligandgere established in 2018 [153] .

Although FKBP12 andthe larger FKBPsare homologs, none of the studieson FKBP12reported
induced degradation of FKBP51 or FKBP52In 2016, the Hausch lab started the generation of
FKBP PROTACandidatesto address the lack of FKBP51 degrading tod. The aim wasto study
FKBP526 diverse functions and overcome limitations of traditional occupancy driven

pharmacology. Therefore, Dr. Tiangi Mao assembled a library of 60 PROTACandidatesduring

her dissertation [154] .
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Figurel15FKBP PROTAC candidate libsgnthesized by Tiangi Mao during her PhD stufigd]. Alkynefunctionalized FKBP
ligands (left) are combinatorically connected to azidectionalized E3 ligase ligand building blocks (right) via cepper

catalysed click chemistry.

Initial testing and characterization by Dr. Andreas Hahle during his dissertation yielded
MTQ202 (or 10a4 in this work) a s the only active FKBP51 PROTA(L55] .
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Figure1l6 Chemical sticture ofAMTQ202[154] and B Western blot ofMTQ202mediated FKBP51 degradation in HEK293T

cells after 2sour treatment.

However, MTQ202 (Figure 16A) displayed only moderate activity and a strong hook effect

(Figure 16B) and thus fell short as useful tool compound.
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4. Results and Discussion

To support the development of FKBRdirected drugs, | first established a panel of assays to

address keybiochemical and molecular biological aspects of FKBPs.
4.1. HTRF-binding assay for FKBP ligands

Binding affinities are commonly used to evaluate ligands and rank them in order of their binding
strength. This in turn can be used to derive structure-affinity -relationships that build the
foundation for subsequent optimization. Nowadays FKBP12 ligands with picomolar binding
affinities can be routinely synthesized [51,53] . The precise determination of sub-nanomolar Kp
values, however, is challenging. Up to now, competitive fluorescence polarization (FP) assays
have been used to measure binding affinities of FKBP ligand§156] . However, these assays
utilize tracer concentrations that are below the protein concentration. For ultra -high affinity
ligands, this results in an almost full tracer displacement as soon asthe ligand concentration
exceeds the protein concentration In turn, this results in very steep tracer displacementcurve.
Small errors in the protein concentration, thereby directly translate to a shift in the tracer
displacement curve and hence to an error in the determined ligand K, value. To enable precise
affinity determination, especially for high -affinity ligands, an orthogonal competitive
homogeneous timeresolved fluorescence (HTRF)FKBRIligand binding assaywas developed
(Figure 17). Competitive HTRFbinding assays have the advantage, that very high tracer
concentrations are tolerated, as the unbound tracer does not contribute to the measuredHTRF
signal.

Additionally, the high tracer concentrations result in less steeptracer displacement curves with
more data points in the dynamic range for ultra-high affinity ligands. These curves canrobustly

be fit and enable a precise Kp determination.
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Figure 17 A Sheme of ahomogeneous timeesolved fluorescence (HTRFssaythat enables the preciseffinity
determination of FKBP ligand#\ In presence of tagged FKBR terbium (Tb)cryptatelabelledh tag antibody comes in
proximity to the AlexaFluor647 (A647) labelled tracer. Upon excitationri@fthe donor (Tleryptate) will transfer energy
to anacceptor fluorophore (A647h proximity. The donor fluorescence is also measured at@2Qwhich allows calculation
of the HTRIFatio (665nm / 620nm). B Increasing concentratiaof FKBP ligands competitively displace the tracer resulting
in a decreasing HTR&io. The binding affinities of the ligands can subsequently be determined by fitting the dispat
curves.

The general assay setup consists o& tagged FKBP, a AlexaFluor647 (A647)-labelled FKBP
binding tracer and an anti-tag-antibody which is labelled with Terbium cryptate (Tb cryptate)
(Figure 17A). In presence of all components, both the tracer and the antibody bind the tagged
FKBP and upon excitation of the Tb cryptate at 340 nm, energy can be transferred to the
acceptor fluorophore (A647), which subsequently emits light at 665 nm. The donor (Tb
cryptate) fluorescence is also measured at 620hm which is used for normalization of the
acceptor signal to yield the HTRFratio. Changes in the HTRFratio are indicative for changes of
proximity between the tracer and the Tb cryptate antibody. Upon addition of increasing
concentrations of unlabeled FKBRligands, the tracer is dosedependently displaced which

results in a dosedependent decrease of the HTRFatio (Figure 17B). The generated tracer
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displacement curves can be used to determine binding affinities of the ligand through

displacement curvefitting [157] .

4.1.1. HTRF-binding a ssay development

In a first step, AlexaFluor647 coupled tracers (Figure 18) were assembled by connecting
alkyne-functionalized FKBP ligands with commercially available azide-functionalized

AlexaFluor647 through copper-catalyzed click chemistry.
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Figurel8 Chemical structures of FRF tracers and unclicked alkyne building blocks. Tracers were synthesizetimhael
Walz (1b (MWal46); 4b (MWal44)) and Johannes Dreizler (2b (JKD649); 3b (JKD645)).

Tracer affinities for FKBP12 as well as FKBP51 were determined by a fluorescence polarization
binding assay. Therefore, the proteins were titrated at a constant tracer concentration and the
fluorescence polarization was measured. The K values were subsequently determined by curve
fitting [157] and are summarisedin Table 1.

Table 1 Binding affinities of HTRFacers for HisFKBP12 and HIEKBP5¥! Binding constants + standard deviation from

three replicates. The binding affinities were determingy fluorescence polarization binding curvé&sglre66 and Figure

67).
Tracer | Ko(FKBP12) / nM | Ko(FKBP5TXY) / nM

1b 0.79 +0.10 37.69 +4.28

2b 0.18 +0.04 2.62 £0.27

3b 0.21 +0.04 1.63 +0.20

4b 33.99 +5.53 2.55 +0.39

All bicyclic tracers 1b-3b bound with similar affinities to FKBP12, but tracer 1b bound
substantially weaker to FKBP5IKL Tracer 4b, which is based on the SAFitscaffold displayed

31



good affinity for FKBP517! but bound weaker to FKBP12, which isin accordancewith the

selectivity profile of SAFit-like ligands.

In pilot experiments, different assay setups were tested.Therefore, purified proteins with His6 -
or Flag-tags were tested in combination with different tracer s and the respective antitag Tb

cryptate antibodies for their suitability to yield HTRF signals.

Towards this aim, Flag-FKBP5XHis6 (N-terminal Flag-tag) as well as His6-FKBP51Flag and
His6-Tev-FKBP12Flag (C-terminal Flag-tag) were purified by immobilized metal affinity

chromatography (IMAC) and in case of both FKBP51 constructs by subsequent size exclusion

chromatography (SEC).
\
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Figure19 SDage and Coomassie stainalysis of prified Flagtagged RBPsA Gelanalysis of concentrate8Edraction
1B2 of Flag-KBP5His6. SEC chromatogram and gel analysis of all collected SEC fractions are uhefigtees8 and Figure
69. BSDSage and Coomassie stainalysis of concentrated SH@ction 1A3 of His6FKBP5Flag SEC chromatogram and
gel analysis of all collected SEC fractions are depictejime70 and Figure71. CSD3age and Coomassie staimadysis of
pooled IMAC fractionafter purification ofHis6 TevFKBP1:Flag All collected IMAC fractions are depictedHigure72. SDS
Page and Coomasgitain analysipooled IMAC fractions after purification Bis6 TevFKBP1-Flagwas performed by Wisley
Oki Sugiarto under my supervisidMarker: RigeRulern Prestained Protein Laddé#26616).

After purification , the protein concentration was determined by spectrophotometric analysis at
280 nm. Total amounts of 26 mg Flag-FKBP51His6, 7.4 mg His6-FKBP5tFlag and 36.4 mg
His6-Tev-FKBP12Flag were obtained. In the following, the integrity of the FK506 -binding
pockets and binding-active protein concentrations were determined by activesite titrations

(Figure 20).

32



A B C
500 {ECso - 24.28 nM 500 :ECgo = 49.27 500 ‘ECgo=32.10 nM
& 400l : o 4004 : o 4004 :
g 400 L 400 & 400
S 3001 5 300- < 3004
- = =
3 8 8 :
T 200 e Nepmten R 2004, s /F T S 2004 N ol Ne proteln
£ £ £ :
£ 1004 £ 100 £ 100
0 N —— 0 . e . . 0 . . . . ;
01 1 10 100 1000 10000100000 0.1 1 10 100 1000 10000 0.1 1 10 100 1000 10000
cuy (Flag-FKBP51-His6) nM cuv (His6-FKBP51-Flag) nM cuy (His6-FKBP12-Flag) nM

Figure20 Active site titrations 6A FlagFKBP5His6,B His6FKBP5Flag andCHis6 TevFKBP1:Flag. Individual data points

and error barsrepresent mean and standard deviation of three replicates. The proteins were titrated at a constant
concentration (50 nM) ofhe high affinity FKBP tracer MTQ238. The fluorescence polarization was measured using the
following spectral adjustments: Ex.: 588, Em.: 590im. EG values were derived from a foyprarameter 1Gofit.

The active-site titrations demonstrated that the Flag-tagged proteins are binding-active and
yielded active-site concentrations of 126.7 uM for Flag-FKBP5%His6, 35 uM for His6-FKBP5%

Flag and 460 pM for His6-Tev-FKBP12Flag.

Next, the suitability to yield HTRF signalswith an anti-Flag-Tb cryptate antibody was tested for
Flag-FKBP51His6 and His6-FKBP5XFlag as well as His6-Tev-FKBP12Flag constructs in
combination with the tracer 1b and 4b, respectively (Figure 21). The tracers 2b and 3b were

not yet synthesized at that time.
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Figure21 Combinations ofA 4b:FlagFKBP5His6and B 4b: His6FKBP5FIlagbut not C 1b:His6 TevFKBP1Flagyielded
HTRFsignals in presenaef an anti-FlagTbcryptate antibody (concentration 0.5% (vi@bove tracer backgroundndividual
data points represent mean and standard deviation of three replicdasorescence values at 665 and 620 nm are

depicted inFigure73.

Flagtagged FKBP12, did not yield a HTRF signal in combination with tracer 1b.On the other

hand, the Flagtagged FKBP51 constructs, yielded HTRF signals in combination with tracer 4b.
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The assay setup utilizing Flag-tagged proteins was not further pursued in favor of the setup

using His6-tagged proteins and an anti-His6-Tb cryptate antibody. However, the purified Flag-
tagged FKBP51 proteins wereused in collaboration with the Gassen lab in pull down

experimentsto study the role of FKBP51 in autophagy[158] .

Additionally, a second HTRF assay setup with(only) His-tagged FKBP12 and FKBP5X?, in
combination with the high affinity tracers (2b for FKBP12 and 3b for FKBP51¢Y) and an anti-
His6 Tb cryptate antibody, was tested for their suitability to yield HTRF signals. Therefore, the
tracer was titrated at different FKBP concentrations and constant amounts of Tb cryptate

labelled anti-His6 antibody (Figure 22).
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Figure22 Combinations ofA 2b:His6FKBP12nd B 3b:His6FKBP5¥Klyielded doseresponsive HTRStgnals in presencena

h His6Tb cryptate antibody(concentration 0.25% (v/v))ndividual data points represent mean and standard deviation of
three replicates.

Both His6-protein:tracer combinations yielded both tracer- and protein-dose-dependent HTRF
ratios and were further pursued. The upper plateau of the tracer binding curves indicates full
saturation of the proteins with their respective tracer. A concentration of 5 nM protein was
chosen to explore a competitive assay setupKigure 23) as this concentration combined a good

assay window and relatively low protein concentrations.
Rm bckmlgrp_rc rfc _qgq_w%q gsgr_ gjgrw rm bcrec

characterized ligand 185Me was titrated at constant protein and antibody concentrations and

at different tracer concentration s (Figure 23).
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Figure23 Competitive HTRF fuding assay for the FKBP ligands¥8® and A FKBP1@r B FKBP5¥! Increasing amounts of
the panselective FKBP ligand(®8e) were titrated at the indicated tracer concentrations in presence of constant amounts
of the respective FKBP (1) andh His6 Thcryptate antibody ¢oncentration 0.25% (v/¥)HTRFatios were calculated after
fluorescence measurements using the following spectral parameters34bam; Em:620nm and Ex.340nm; Em:665nm;

lag time: 15Qus, integration time: 50@is. Individual points and error bars represent mean and standavéhtien ofthree
replicates.|Gy values and standard error for competiti@FKBP12 an® FKBP5¥1binding were determined by a four
parameter 16 fit. Ko values and standard error for £8'©) and EFKBP12r FFKBP5¥!hinding were determined by apHit
[157]. The competitive binding experiment for FKB®S&as performed by Wisely Oki Sugiarto under my supervision.

The generated displacement curves Figure 23A&B) can be used to derive the IGovalues (Figure

23, C&D) by four -parameter 1Cs fitting .

ICso values depend on the tracer concentration. The theoretical linear dependence of measured
ICso values and given apparent Kvalues (or more generally apparent Ky values) of a competitive
inhibitor was originally reported in context of enzyme inhibition and classical MichaelisMenten

kinetics [159] .
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ChengPrusoff equation:
06 0z p — [159]
0 : Inhibitor dissociation constant; "Y Substrat concentration, 0 : Michaelis constant of the
substrate (Y

The ChengPrusoff equation can be adapted to competitive binding experiments and used to

approximate apparent K values of the tracer and the competitive ligand [160] :

V6 0z p — [160]
“Y tracer concentration; U : Inhibitor dissociation constant; 0 : Tracer dissociation constant.0 |,

0 defined as the concentration of the ligand and tracer respectively, that occupies 50% of

binding sites in absence of competition.

The equation describesa linear dependency between the tracer concentration and the obtained
ICso values, if the following assumptions for the underlying equation are met: (i) the system is
at equilibrium ; (ii) tracer and ligand compete for a single binding site ; (iii) binding is reversible
and not cooperative and (iv) there is no significant depletion of either ligand or tracer , i.e. the
free ligand or tracer concentration can be approximated by the total ligand and tracer
concentrations respectively. Given the high affinities of both the tracer and the ligands in

combination with a protein concentration > K p this last assumptionis not satisfied.

In this system, however, the protein concentration is known. The Ko values (Figure 23E&F)
were determined by using a Ko-fit equation directly derived from the mass law [157] for the
compound 18©™Me) at every tracer concentration. The derived K values across different tracer
concentration for both proteins are constant and in good agreement with the literature values
derived from competitive FP-binding assays of 0.29nM and 2.6 nM for FKBP12 and FKBP5T?,
respectively[51] . This demonstratesthe usefulness of the orthogonal assayAdditionally, these
experiments show that very high tracer concentrations (> 50 nM) can be utilized. This will be
useful to precisely determine the affinity of ultra -high affinity FKBP ligands (e.g., Kb <100 pM).
Higher tracer concentrations lead to less steep curves (se€&igure 23A&B) with many points in
the dynamic range that can be robustly fitted. In the FP binding assay, where tracer
concentrations have to be below the protein concentrations, the displacement curvesfor ultra -

high affinity ligands in the FKBP ligand would be very steep, with few points in the dynamic
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range. In this case, the competitive HTRFbinding assay can be employed toenable a more

precise affinity determination.

4.2. NanoBRET-based intracellular FKBP ligand target engagement assay

FKBP occupancy in living cells is thought to be necessary for FKBP ligands to interfere witthe
endogenous functions of the most prominent cytosolic FKBRL2, FKBP12.6, FKBP51 and
FKBP52 To profile the target engagement and selectivity of FKBP ligandsa NanoBRET target

engagement assay was developed for thee FKBPs.
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Figure24 NanoBREbDased FKBP ligand targatigagement assay scheme. HEK293T cells stably expressiniIE&BRion
proteins generate a BRET signal in presence of the NanoBRET tracer. Addition of FKBP ligands leadspendesé
displacement of the tracer which results in decreasing BRETIsi¢@avalues can be derivbesubsequently through four
parameterfitting of the displacement curves and are indicative for iteacellulartarget engagement.

Monika T. Gnatzy and Angela Kiihnworked under my supervision in their respective master
and bachelor thesis on the development of FKBMNanoBRET target engagement assay. Both
contributed substantially to this project, which ultimately led to a publication in ChemBioChem
ugr f r fDevelopmentjot NatfoBRETFBinding Assays for FKBFLigand Profiling in Living
Cellso ~ W162%.dThe publication describes the development of a NanoBRE¥ased target
engagement assay for FKBP ligands andbr the most prominent FKBPsFKBP12, 12.6, 51 and
52. The assay was used to demonstratéi) the selectivity of SAFit-type ligands for FKBP51 over
FKBP52in cells and (i) revealed a substantial offset in intracellular target engagement activity
for this ligand class compared to smaller bicyclic ligands or macrocyclic natural products.
However, the initially developed NanoBRET assay for FKBP51 showed compared to the other
FKBPs- a very small assay window (approx. two-fold over background) and hence lacked
robustness. While a small group of widely used FKBP ligands was profiled in the study, broader
FKBP ligand profiling was warranted to guide ligand optimization. Therefore, | opti mized the

FKBP51 NanoBRET assay and established a highroughput protocol.
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4.2.1. Optimization of the FKBP51 -engagement assay

To increase the assay window and enable a higher robustness of the FKBP51 NanoBRET assay

the FK1 domain of FKBP51 was directly fused to a nanoluciferase (Nluc).

Both N- and Cterminal FKBP51™-Nluc tagged expression vectors were generated and tested
for their suitability to induce BRET signals in pilot experiments. Therefore, HEK293T cells were
transiently transfected with the respective expression constructs and the NanoBREracer was
titrated and compared to the published cell line stably expressing full -length FKBP5XNIuc
(Figure 25A).
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Figure25 Overview oftracer titration curves for different FKBPBIluc fusion constructsA Tracer titration experiments in
cells transiently expressing FKBP8NIuc and Nlud-KBP5X!or stably expressingKBP5NLuc fusion proteinsB Tracer
titration experiments incells stablyexpressing FKBP®ENIuc fusion proteis. Individual data points represent mean and
standard deviation of three replicate$racer titrations in A were performed by MonikaGnatzy and in case of the stable

cell linein A, the graph wataken from[162].

Both the N- and C-terminally Nluc -tagged FKBP51*! generated dosedependent BRET signals
and featured a drastically larger assay window compared to the FKBP5iNIuc construct (Figure
25A). As transiently transfected constructs were found to show substantial batchto-batch
variations, a stable FKBP5T-Nluc HEK293T cell line was created. The HEK293T cell line stably
expressing FKBP5T-Nluc fusion proteins was generated by Monika T. Gnatzy. In a similar
manner to the pilot experiments, tracer titration experiments in the stable FKBP517-Nluc cell
line showed dosedependent BRET signals. Ultimately, a tracer (2c[162] ) concentration of
400 nM slightly above the EGs of approx. 200 nM was chosen for competitive FKBP ligand
profiling ( Figure 25B).
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4.2.2. Development towards a semi -automatic high throughput assay and cost reduction

The competitive NanoBRET assays described in the publicatiorf162] were performed by
generating dilution series in DMSO starting with a 1000-fold ligand concentration. These DMSO
dilution stocks were subsequenty used to generate a 2-fold dilutions in Opti -MEM (0.2%
DMSO), which were then transferred to the assay plate. However, all steps were performed by
hand, which prevented the required higher throughput. To enable a higher throughput, the
protocol was amended towards a semiautomatic assay in which the laborious steps (dilution
series at 100fold concentration, generation of two -fold dilutions (2% DMSO) and the transfer
to the assay plates)were performed by a robot. Thomas Stipp contributed to this as a student

under my supervision in an internship.

In a first step, it was confirmed that a higher final DMSO concentration (1% vs. 0.1% in [162] )
is tolerated in the cellular assay and resulted in a similar ICso for SAFit2. Indeed, the same 1Go
value for SAFit2 - a well-established control compound - was obtained at both DMSO
concentrations (Figure 74). Afterwards, the robot protocol was tested using the well-established
control compounds JK384 and SAFit2. Therefore, six independent replicates of the dilution
series (100fold) and subsequent predilutions in Opti-MEM (2-fold) were performed and
transferred to three distinct assay plates by the robot to generate triplicates of each replicate.
Subsequently, the two-fold cell tracer mix was added by hand and the BRET signals were
measured after 2 hours incubation. Using the triplicates of each dilution series the 1Cso values
and standard errors were determined with a four-parameter ICs fit (Table 2).

Table2 FKBP5¥X1NanoBRET target engagement assays for SAFit2 and I&@&dues andtandard errorgepresentshree

biologicalreplicates. The experiment was performed by Thomas Stijgfer my supervision

Replicate no. SAFit2 IG = error/ nM JK384 1Gso = error / nM

1 451 + 197 174 + 24
2 615 + 139 147 £ 22
3 688 + 137 143 £ 16
4 520 +103 122 + 14
5 638 + 110 149 + 18
6 547 £ 125 210+ 20

The IG5 values of the replicates for SAFit2 and JK384 were in agreementvithin each other and

to the literature values of approx. 200 nM and 180 nM, respectively, for full-length
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FKBP5XNIuc NanoBRET assay$162] . The three-fold higher ICso values for SAFit2 compared

to the literature can likely be attributed to slightly inaccurate predilution combined with normal

two- to three-fold inter -assay deviations.

NanoBRET assays are generally pricy due to the high costs of reagents. To decrease the cost per
assay point an alternative substrate (26dl [163] , Figure 26) and extracellular Nanoluciferase

inhibitor (compound 43, [164] ) were explored.
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Figure26 Chemical structures ohe Nluc substrates furimazine (sold by Promega) and the furimazine derivatgl @8l

In initial experiments without the extracellular Nanoluc iferase inhibitor sold by Promega, it
became evident that the BRET signal (assay window) drops significantly depending on the cell
batch in absence of the inhibitor (data not shown). Unfortunately, the Promega Nluc-inhibitor
is not sold separately. Thus, a litergure known cell-impermeable Nluc inhibitor ( compound 43,

[164] ) was re-synthesized (RCD339 Figure 27A) by Robin Deutscher and tested subsequently

(Figure 27).
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Figure27 Tracer titrations in presence or absence of extracellular Nluc inhil#itéhemical structure of the céthpermeable
Nanduciferaseinhibitor RCD339 (= compound f®4]). BThe extracellulaNluc inhibitor éevates the assay window without
changing the half maximal effective concentrati@xperimentperformed with HEK293T celtably expressinfKBB17Kt
Nluc fusion proteins. Donor and acceptor signals were measured after addition of luciferase sulf@6at163]), final

concentration 6uM) in presence of the indicated extracellular Nluc inhibitors.
The assay window dropped in absence of anyextracellular Nluc inhibitor ( Figure 27B,
horizontal red dashedline) compared to the assay window in presence of the Promega inhibitor

(Figure 27B, horizontal black dashed line). However, the ECs, values remained unaffected
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(Figure 27B, vertical dashedlines). The synthesized cellimpermeable Nluc Inhibitor (RCD339)
fully rescued the effect at concentrations > 2 pM and was consequently usedin subsequent

NanoBRET assaysat a final concentration of 2.5 uM to stabilize the BRET signal.
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4.2.3. Characterization of FKBP ligands by competitive NanoBRET target-engagement

assays

The established semiautomated NanoBRET targetengagement assay was used to profile 189
and 148 in-house FKBP ligands of differentchemical classes forintracellular FKBP51*! and

FKBP12 occupagy, respectively.
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Figure28 Hightroughput FKBPS¥LNIuc assay linkmtracellular target enagement tbiochemicabinding affinities A 1Go
values are plotted on the-gixis and are derived from competitive NanoBRET trdisgiacement curves at 40M 2¢[162]

in livingHEK293T celistablyexpressing-KBP5¥tNluc fusionproteins. Correspding K values derived from fluorescence
polarization assays are plottet on theaxis.Datapointscorresponding to individual compounds arelour and shapecoded
according theichemicaklas®s In case of the control compounds SAFit2, ME2&Fr2 and JK384, thesfvalues and errors
correspond to mean standard deviation of twelve independent experim@&®hemical structures of SAFB4], SAFitZ54],
MBA520-Fr2 (64a[57]) and JK384FK[4.3.1]16j [49]). Biochemical fluorescence polarization assays afndefermination
were performed by Dr. Stephanie Merz and Wisely Oki Sugiarto.
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The results obtained for FKBP51 indicate that the obtained 1Cso values correlate with the
binding affinities to FKBP51 for bicyclic and macrocyclic compounds. However, on average
there is a substantial offset (approx. factor 5) between the respectiveNanoBRET versus FP assay
values, which might be attributed to the high tracer concentration of 400 nM. For linear SAFit-
type ligands the best |G valuesreachthe 5-fold offset. For this compound class the NanoBRET

values correlate poorly with the binding affinity.
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Figure29 Hightroughput FKBP2-Nluc assay linkisitracellular target enagement tbiochemicabinding affinities. 163 values

are plotted on the yaxis and derived from competitive NanoBRET traigplacement at 20M 2b[162] in livingHEK293T
cellsstably expressing~KBP1:Aluc fusionproteins. Correspding I values derived from fluorescence polarization assays
are plottet on the xaxis.Data points corresponding to individual compounds are coeland shapecoded according their
chemical classesn case of the control compounds SAFit2, M2A&Fr2 and JK384, thesf®alues and errors correspond to
mean standard deviation of twelve independent experimenBochemical fluorescence polarization assays apd K

determination wee performed by Dr. Stephanie Merz and Wisely Oki Sugiarto.

For the FKBP12 NanoBRET assays, a similar correlation between ig€values and binding
affinities as well as an offset between the respective valuedbecame evident. Additionally,

several bicyclic molecules engaged FKBP12 with lower 16 values than the natural products
FK506 (ICso = 5.6 nM [162] ) and Rapamycin (ICso = 8.5 nM [162] ) under similar conditions.

Furthermore, the ICso values of bicyclic high affinity ligands (Kp < 1 nM) indicate a lower
plateau between 1 and 10 nM for intracellular target -engagement. This could be due to the
ligands first having to saturate tracer-unbound FKBP12 andFKBP12Nluc before the tracer can
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displaced from the overexpressed FKBMNIuc. A more precise ranking of intracellular target-

engagement could be achieved be repeating the assay with higher tracer concentration.

Taken together, the NanoBRET values confirm the intracellular FKBP binding of FKBP ligands,
but especially linear SAFit-type ligands had reduced cellular potency. Additionally, it became
evident from structural comparative analysis of close analogg(e.g., SAFitl and SAFit2 inFigure
28), that the under assay conditions charged groups like carboxylic acids greatly impair
intracellular target engagement. The results add valuable insights to the cellular potencies of
individual molecules. In consequence,the established NanoBRET assay habeen used ta (i)
determine which compounds penetrate cells[53] ; (ii) confirm that the , at the time, new class
of macrocyclic compounds [56] occupy FKBP51 in living cells; (iii) demonstrate that the
enhanced ligand efficiency of h-methylated bicyclic ligands compared to their respective non-
methylated analogs translates to a enhanced cellular potency [51] ; and to choose compounds
for cellular profiling , when the biochemical potencies are similar[52] . Additionally, t his assay
will guide FKBP ligand optimization in future projects. Especially further macrocyclization
approachesappear promising as members of the macrocycle class repeatedly outperformed
linear SAFit-type molecules of similar binding affinity and molecular weight in terms of cellular
potency. This effect can likely be attributed to the chameleonic effect of macrocycles, which can
allow them to burry normally solvent exposed polar groups and expose normally buried

hydrophobic groups when they pass hydrophobic membranes.
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4.3. Glucocorticoid receptor reporter gene assays

The large FKBPs FKBP51 and FKBP52 are well established as regulators of the glucocorticoid
receptor. While FKBP51 suppresses GR activity, FKBP52 acts antagonistically to the former and
increases GR activity. To study the effects of FKBP ligands on FKBRediated GR regulation a
dual luciferase reporter gene assay was established in HEKEBT cells using the dual reporter
plasmids pGL4.36 (MMTV-luc2p) and pGL4.74 (TK-hRluc). pGL4.36 features a firefly luciferase
(luc2p) reporter gene that is controlled by Murine Mammary Tumor Virus (MMTV) Long
Terminal Reped. This promotor drives transcription in response to stimulation of several
nuclear receptors such as the gluococorticoid receptor.pGL4.74, on the other hand, drives
transcription of the renilla luciferase ( hRlug reporter gene through a constitutivly active
promotor (HSV-TK) and can be used for transfection and expression control. Luc2p and hRluc
luminescence can subsegently be assessed in the same sample. Normalization of the former to
the latter (norm. lu c) results in a more robust measurement as it accounts for fluctuating

variables such as cell growth or transfection efficacy.
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Figure30 Glucocorticoid receptor overpression is required to stimulate dexamethasanduced reporter expression in
HEK293T cells. HEK293T cells were transiently transfectdu{gg) with the dual luciferase reporter plasmige5(4.36
(MMT\luc2p), pGL4.74 (TiRIug) and the indicated amout of a G&kpression plasmidollowed by stimulation(24 hours)

with the indicated concentration ofdexamethasone (Dex). Reporter expression was quantified by luminescence
measurements in lysates and the normalized luciferase (norm. luc.) was calculated by normalizing luc2p luminescence to
hRIuc lumiescence. Individual points and error bars represent mean and standard deviation of biological triplicates. Raw

data are depicted ifrigure75.

To establish the assay, HEK293T cells were transiently transfected with the dual luciferase
reporter plasmids and increasing amounts of an GR expression plasmid and subsequently
stimulated with the synthetic GR agonist dexamethasone (Dex). GR stimulation wth increasing

Dex concentrations resulted in a clear increase in GR activation Figure 30). Notably, the effect
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is due to changes in luc2p expression and not in the hRIuc expression, which remained rather

unchanged (Figure 75). Overexpression of the GR was essential in HEK293T cells to activate
luc2p expression and increasing amounts enhanced the assay window. While HEK293T cells
endogenously express the GR, the level might not be high enough to drive reporter stimulation.

Ultimately, the highest GR expression plasmid transfection dose was used for further assays as

it resulted in the highest assay window.

In the following , FKBP51 and FKBP52 were cexpressed in addition to GR and their effects on
GR activation were tested at different Dex concentrations to determine the optimal Dex

concentrations for ligand profiling (Figure 31).
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Figure31CY. t pm adzZlJlUINSaasSa Dw FOlAQgAGesS 6KAfTS CY.tpuw o0t201a CY
cells were transiently transfected for 2durs with the dual luciferase reporter plasmi@gsL4.36 (MMTMc2p), pGL4.74

(TkhRIug and 5ng/well GR expression as well as FKBP5hdaell), FKBP52 (Ifig/well) and or mock plasmid (2@y/well

(mock), 1ng/well (FKBP51, FKBP52)) and subsequenthyhd@rs) stimulated with dexamethasone (Dex). Reporter
expression was quantified by rhinescence measurements in lysates and the normalized luciferase (norm. luc.) was
calculated by normalizing MMTV promotor dirven luc2p luminescence to constitutive hRluc luminescence. Individual points

and error barsepresent mean and standard deviation of biological triplica®esw data are depicted Figure76. Red arrow

indicates Dex concentrations at which the FKBP effect was observed.

The GR suppressive effects of FKBP51 became evident at low Dex concentrations aroundnM

(Figure 31, red arrow). Additionally, FKBP52 co-expression could reactivate GR signaling,

rescuing FKBP51mediated GR suppression but did not significantly increase GR activation

alone, which is in line with previously published data [26] . This could indicate the ability of

FKBP52 to displace FKBP51 from Hsp90:FKBP51:GR complexes and therefslieving D1 @N 3 / %q
EP gsnnpcgggtc npcggspc _q rfc k_gl bpgtcp mc

46



supported by a finding were co-expression of the TPR domaincontaining protein Cyp40 was

also able to rescue FKBP5Inediated GR suppression32]

A Dex concentration of 1 nM was chosen to study the effects of FKBP ligands on GR signaling
gl dsprfcp cvncpgkclrq _q DI @N3/ %q gsnnpcqgqag!

concentrations and this stimulation condition still resulted in a good assay window.

In parallel to the establishment of the reporter gene assays, the Hausch lab investigated the
molecular architecture of FKBP5% or FKBP52containing Hsp90:FKBP:apoGR complexefl 65] ,
rcpkch aY¥mgpgc r g ml. Indnmek the studycugelh site-specific incorporation of the
photo-reactive amino acid parabenzoyl phenyl alanine (pBpa) into FKBP51, FKBP52 and the
GR. Subsequently, in-cell photo-crosslinking and crosslinking-adduct formation analysis by
western blot and or ELISA assays was employed to study the molecular architecture opre-
activation complexes. The formed crosslinks are indicative of direct proximity between the site-
specifically incorporated pBpa and the crosslinkedpartner and hence allow investigation of the
complex architecture and collectively the role for complex formation of distinct domains. The
study revealed that (i) the interaction interfaces between the FKBPs and GR spanned from the
FK1 domain to the tip of the TPR domain and were very similar between FKBP51 and FKBP52
as both wrap around the GR. Additionally, it was demonstrated that (ii) crosslinks (FKBPA GR)
in the FK1 but not in the FK2 or TPR domains of FKBP51 and FKBP52 were sensitive to SAFit2
or 185Me) treatment, respectively. This, indicates that (iii) FK1 domain to GR contacts are
largely dispensable while (iv) the FK2- and TPRdomain contacts mainly drive
Hsp90:FKBP:apoGR complex formation and (v) FKBP ligands remodeled but did not disrupt
the complex as they displaced the FK1but not the FK2 domain from the GR surface.

To analyze the functional consequences ofFK506-binding site occupation and FKBPligand-

induced complexremodeling on GR signaling 185e), SAFit2 and FK506 were tested in reporter

gene assays. The following results Figure 32 & Figure 77) are partofr f ¢k _| daygepgnr
scale in-cell photocrosslinking at single residue resolution reveals the molecular basis for

ej samamprgamgb pcacnr mp |pL65,swhichrisgcortently invpregskat s | mn f

Nature Structural and Molecular Biology.
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Figure32 Treatment with FK50€but not 185Ve) A or SAFitB dosedepentenly blocks GR suppression. HEK293T cells were
transiently transfected (2#ours) with the dual luciferase reporter plasmi@ssL4.36 (MMTNMc2p), pGL4.74 (RIug),

5 ng/well GR expression plasmid and FKBP5h@h@ell) and or an Jold excess of FKBP52 expression plasmids, respectively,
and subsquently stimulate@4 hours) with dexamethasone (Dex) in prescence of the indicated concentrations of FKBP
ligands. Reporter expression was quantified by luminescence measuremergateslgnd the normalized luciferase (norm.
luc.) was calculated by normalizing luc2p luminescence to hRluc luminescence. Individual points and error bars represent
mean and standard deviation of biological hexaplicalResw data are depicted Figure77. The data presented in this figure

F NB LI NI 27T Lérgesalevincell phbtGehblslidking at single residue resolution reveals the molecular basis for
3t dz02 02 NI AO2AR NBOS LI 2 N6SNBHEHZS tutreht® i préssd at Natuvedsyu2tli antl Mofe@utar
Biology

Cao-expression of FKBP52 principally reversed the GR signaling repressing effect of FKBP51.
However, neither the selective FKBP51 ligand SAFit2 nor the bicyclic ligand 18V® affected the

GR signaling suppressing effect of FKBP51 Rigure 32A&B). Notably, the tested ligand
concentrations used were drastically higher (100-fold) than necessary for remodeling of the
FKBP51:GR comple165] and also at least 10fold higher than the ICso values derived from
competitive NanoBRET assays (sed-igure 28), Rf cqgqc dgl bgleq gl bga_rc
suppressive effect does not depend on the FK50®inding site per se. This result is consistent
with a study that found the catalytically dead FKBP51¢7P'P¢8V mytant to retain GR suppression

[26] . Strikingly, the larger macrocyclic ligand FK506 dose-dependently reverted the FKBP51
mediated GR suppression Figure 32C) at concentrations consistent with intra-molecular
FK506-binding site occupation [162] . Importantly, FK506 protrudes much further from the
binding site compared to SAFit2 or 185Me) My results imply that the FKBP51:GR contacts which

are retained after complex remodeling by small ligands have regulatory effects. Yet, FK506 can
disrupted these regulatory contacts and reactive GR signaling. This has profound implications

for the FKBP5ZLdirected drug discovery. My findings, indicate that larger ligands are more
disruptive and that it is principally possible to pharmacologically reactivate FKBP5Z%repressed

GR signaling although the FK506-biding site is not required. However, it remains to be
elucidated how FK506 differentially remodels the Hsp90:FKBP51:GR complex and how exactly

compound sizeinfluences FKBP5tmediated GR regulation.
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Next, it was investigated if FKBP52 occupation by FKBP ligands effects GRignaling (Figure
33).
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Figure 33 Neither treatment withA 18SMe) nor B FK506affects FKBP5@ediated GR reactiviation. HEK293T cells were
transiently transfected (2#iours) with the dual luciferase reporter plasmi@ssL4.36 (MMTMc2p), pGL4.74 (FRIug),

5ng/well GR expressiomector and FKBP5&xpression vecto(10ng/well) andor an indicated fold excess of FKBP52
expression vectgfollowed by stimulatior{24 hours) with dexamethasone (Dex) in prescence of the indicad@dentrations

of FKBP ligands. Reporter expression was quantified by luminescence measurements in lysates and the normalized luciferase
(norm. luc.) was calculated by normalizing MMTV promotor luc2p luminescence to hRluc luminescence. Individualgoints an
error bars represent mean and standard deviation of biological hexapliddteg.data are depicted Figure78.

During assay establishment, it became evident that FKBP52 overexpression principally, as
previously published [26] , reverted the FKBP51tmediated GR suppression, but did not strongly

increase GRsignaling alone (Figure 31). Higher transfection doses (Figure 33, green dashed

lines) only slightly increased GR-signaling over the mock control (Figure 33, black dashed lines)

possibly by reverting the GRsuppressive effect of endogenous FKBP51. Thus, the effects of
jge | bg ml DI @N30%q pmjc u_q gltcgrge_rcb glbg
ability to reactivate FKBP51-suppressed GR signaling. Therefore, the FKB51-suppressive effect

(Figure 33, red dashed line) was reverted by cotransfection of a 3-fold excess of FKBP52
expression plasmid and compounds were added during stimulation. FK506, which blocks
FKBP5tmediated GR suppression Figure 32C), dosedependently increased GRsignaling

(Figure 33B) if FKBP52 was coeexpressed next to FKBP5L1. It is unlikely, that a 3fold excess of
FKBP52compared to FKBP51 expression plasmid transfection doseresults in FKBP52 levels

high enough to completely displace FKBP51 from GR containing complexes. FK506 might

gl apc_qc EP qggel _jgle fcpc “w “jmaigle DI @N3/ %c
thus enhancing GR signaling. The parselective FKBRigand 1859 r f r bgb | mr ~j ma
effect (Figure32?' _j gm bgb | mr ~j mai DI @Npréssivg effectaj gr w
FKBP51 Figure 33A) indicating that FKBP52 effects is not FK506binding site dependent.

Conversely, the catalytically dead FKBP5%7PP¢8V mutant was shown to not potentiate GR
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signaling [31,166] and FK506 was shown to block FKBP52 mediated GR potentiation in yeast
[31,166] .

Collectively the experiments confirmed (i) FKBP51 as a nhegative regulator of GRsignaling and
FKBP52 as an antagonistic counterpart. Investigation of FKBP ligands demonstrated that (ii)
the FK506-binding site is functionally silent, but (iii) FK506 that protrudes far from the binding
ggrc a_Il " j mai DI @NTis $haws @vitmanppacnpoplgdical reactvdtionsof
FKBP5ZXsupressed GRsignaling is principally possible. Furthermore, the data suggest that (v)

DI @N3/ f _q I "paegjichogmimi cugfj) €EPDI @N30 ~“n_qgqg

by displacing FKBP51 from Hsp90:FKBP51:GR complexes. To investigate i#h hypothesis in

kmpc bcr _gj* gr ugij] c lcacgg_pw rm gantd/lorqr ge _

FKBP52deficient cells.
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4.4. Development of a fluorescent reporter assay for FKBP51 and FKBP12 level

PROTACSs degrade the POI andonsequently target all protein functions. Thus, they possess a
fundamentally different pharmacology than ligands. Screening of a large PROTAC candidate
library by western blot is laborious and can be the ratelimiting step . Therefore, an alternative

screening method was warranted to enable a higher throughput.

To rapidly analyze FKBP51 and FKBP12 level# cells, | investigated a fluorescent FKBFlevel
reporter assay featuring eGFRtagged FKBPfusion proteins (Figure 34). Eukaryotic expression
plasmids were generated that allow the co-expression of FKBR2- and FKBP51eGFP fusion
proteins (N-terminally or C-terminally tagged) as well as mCherry mediated by an IRES2
element. Degradation of the FKBReGFP fusion proteins decreasethe eGFP signal, whilethe
mCherry signal remains unaffected by FKBRdegrader treatment and serves for normalization.
The ratio of the respective eGFP and mCherrysignals directly allows an assessment of a
NPMR? A %q gl bsach kK v gnk) _gnd thec lealf maximalg wdgradatid

concentration (DCsyo).

pCMV FKBP  eGFP pCMV eGFP  FKBP

transient transfection /
stable cell line

degrader

treatment cell lysis fluorescence
—)  Quantification

[24-a8 h]

GFP: Ex.: 485 nm, Em.: 535 nm
mCherry: Ex.: 580 nm, Em.: 620 nm

Figure34 Fluorescent FKBIBvel reporter assay schem@eporter plasmids cexpress Nor Gterminally eGFRused FKBPs
as well as mCherry upon transient transfection or in generated stable cell lines. Uponi&gtBéer treatment the FKBP
eGFP fusion protein level decreases wtitile mCherry levels remain unaffected and is used for normalization. Decreasing

eGFP/mCherry ratios are indicatioEFKBReGFP fusion protein degradation.

To assess the suitability of the fluorescent reporter assay HEK293T cells were transiently
transfected with the FKBRIlevel reporter constructs and subsequently treated with PROTACs
The PROTACd 0a4 (MTQ202) and 6al (MTQ508) were previously identified as FKBP51[155]
and FKBP12degraders respectively, by Western blotting.
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Figure35 PROTACs dosiependently decrease the eGFP/mCherry ra@ells transiently transfected wittR.5 ng/wellco-
expression plasmids for mCherry aAd-KBP51_eGFBeGFP_FKBPS5CFKBP12_eGFP aBeGFP_FKBPI&re treated
for 24 hours with the indicated PROTAC before cell lysis and eGFP (Exn,4B8%.525 nm) and mCherry (Ex.: 580,
Em.:620 nm) fluorescence quantificatiomdividual data points and error bars represenéam and standard deviatioof
biological triplicates. Dso values were determineé & | F 2 dzNJ(teltl tNdngieS ildASinDB &xiluded for the fit) E

Chemical structures of 10a4 and 6al.
All reporter constructs enabled detection of PROTAGCmediated FKBReGFP degradation as
evidenced by adecrease of the eGFP/mCherry ratio upon treatment igure 35). While the DCsq

valuesare almost identical between the N- and C-terminal tagged FKBPs (compareFigure 35 A
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to B and C to D) the assay windows were generally better for the Gterminally eGFP-tagged

FKBP reporters. Hence, they were chosen for further profiling.

To further streamline the PROTAC profiling process, the generation of stable cell lines
expressing FKBP51_eGFP and mCherry or FKBP12_eGFP and mCherry was conductadrief,
HEK293T cells were transfected with the respective reporter plasmid, selected for Hygromycin
B resistance and individual clones wereexpanded and tested for FKBP_eGFP and mCherry
expression by measuringthe respective fluorescence in lysates. While the generation of a
FKBP51_eGFRRES2mCherry cell line was not successful, for the FKBPRL2_eGFP-IRES2

mCherry construct several clones could be generated and were further profiled( Figure 36).
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Figure36 Suitabilitytest of HEK293T clones stably expresditBP12_eGFP and mCherry for FKEBRRQTAC profiling
Cells were treated for 24 hours with the active FKBPRDTAC 6al before cell lysis and eGFP (Exand&m.525 nm) and
mCherry (Ex.: 580m, Em.620 nm) fluorescence quantificatio@GFP fluorescence was normalized on the respective

mCherry fluorescenceeGFPmMCherry. Individual data points and error bars represeneam and standard deviatioof
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biologicalduplicates BHalf maximal degradation valué3Gs, valueg and maximal induced reporter degradation,R values
(indicated by thdower plateau)d SNB RSGSNXYAYSR 0.8 | F2dzNJtLJ NI YSGSNI FA G
The PROTAC 6al decreased the eGFP/mCherry ratio dosgependently in all clones with
comparable (DGso values) but to different exten ts (Dmax) indicating that the maximal potency
and therefore the assay window depends onthe strength of the reporter expression. Next,
PROTAGmediated FKBP12_eGFReporter degradation in the best clones (highest Dnax) A4, A7
and B4 was validated by Western blotting after treatment with the comparatively weak FKBR
PROTAC 10a4(Figure 37).
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Figure37Western blot of 104-mediated FKBP12 and FKBP12_eGFP degradation afiere&dment of the indicated clones
stably expressing FKBP12_eGFP and mCherry. Hsp90 serves as a loading control.

Strong FKBP12_eGFP degradation was evident itlones A4 and B4and correlated with the
degradation of endogenous FKBP12Ultimately, clone B4 was chosen for PROTAC profiling as
it featured a combination of a high detectable assay window, a correlating degradation of
endogenous FKBP12 and the FKBP12_eGFP reporter agénerally high reporter expression.
Lastly, the optimal treatment duration for screening was investigated in a time course

experiment (Figure 38).
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Figure38 FKBP12_eGFP degradation kinetics of 10a4 in FKBP12_eGFP reporter @ane &% error banepresent
mean and standard deviation bfologicaltriplicates.

10a4 continuously decreasesFKBP12_ eGFRevelsfor up to 48 hours (Figure 38). Additionally,
previous experiments revealed similar effects for endogenous FKBP51[155] . Therefore, a
treatment duration of 48 hours was chosen to profile the activity of the library of PROTAC

candidatesfor FKBP12 and FKBP51eGFP reporter degradation.
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4.5. Development of an HTRF -based FKBP52 quantification assay

For the quantification of endogenous FKBP52 levelsn cell lysates a homogenous timeresolved
fluorescence (HTRF) based assayRigure 39A) was developed. The setup consists of a primary
antibody that binds the TPR domain of FKBP52, a secondary europium cryptatdEu cryptate)
labelled antibody that binds the first, a AlexaFluor647 (A647) labelled FKBRIligand (MWal46,
Figure 39B) as well as FKBP52. In presence of all componenisthe Eu cryptate will come in
close proximity to A647 and excitation (320 nm) of the Eu cryptate leads to emissionof A647
(665 nm) additional to its own emission (620 nm), which is used for normalization. The
changes in the HTRFratio 665 nm / 620 nm are therefore indicative for an in - or decrease of
proximity of the components or in case of constant antibody and tracer concentrations for a

change inthe quantity of FKBP52.

B
320 nm 620 nm
665 nm
: Ry QG
Eu-cryptate< e *. 7t

' § = oz

uRabblt & QC‘ MWa146
—J —
aFKBP52 \ FKBP-binding
AlexaFluor647
FKBP52

Figure39 HTRMased FKBP52 quantification ass&ychematic visualisation of thessaysetup. In presence of FKBP52 the
anti-FKBP52 and Euyptate labelled antrabbit antibody pair comes in close proximity to thader (MWal46Yyielding an
HTRBignal B Chemical structure of the tracer MWal4eKBP ligand: green, AlexaFLuor647: sgdthesized pDr. Michael
Wal?).

First, FKBP52binding of the tracer (MWal46) was confirmed in a fluorescence polarization
assay with a K of 61+4 nM (Figure 79). Then, the HTRF setup was tested by titrating purified
FKBP52 and MWal46 against each other in presence of constant antibody concentrations
(Figure 40A). The HTRF signal increased in both FKBP52 and MWal46-dependent manner.
However, in presence ofa high FKBP52concentration (1000 nM) and MWa146 concentrations
>KL00 nM the HTRF-signal decreased due to the hook effectin principle, that could be avoided
by using drastically higher antibody concentrations, but here economic reasons are the limiting
factor. Next, the assaysetup was tested directly in cell lysates on endogenous FKBB2 (Figure
40B). The HTRFratio increased with increasing total protein concentrations and therefore with

increasing FKBP52 concentrations for MWal146 concentrations30 nM. The highest tested
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tracer concentration of 120 nM resulted in the best signal to background ratio and was therefore

chosen for further assay validation.
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Figure 40 Camparison of HTRFatio derived from different MWal46:FKBP52 concentration pairidg$l TRFatios of
different concentrationpairings(MWa146 and purified FKBPE2s well aB HTRFatios of different concentratiorpairings
(MWal46 andlysateg with the indicated total protein concentratiom presence of 1.AM antirabbit-Eu cryptate and
1.25 nM anti-FKBP52 antibdes

In order to test the suitability of the assay to detect changes in theamount of cellular FKBP52,
the FKBP52 levelsvas either decreased by siRNA mediated FKBP5Rnockdown, left unchanged
or increased by transient FKBP52 overexpressionThen, Western blotting (Figure 41A) and the
HTRF assay Figure 41B) were employed to quantify FKBP52 levels in cell lysates. Decreased
FKBP52 levels could be detected irboth undiluted and diluted lysates using the HTRFassay.
However, overexpression of FKBP52 resulted also in lower HTRRatios compared to the
untransfected control in undiluted lysates. Upon dilution of the lysates and therefore a
reduction of the FKBP52 levels the HTRFatio increased, indicating that the lower HTRF signal

in undiluted lysates was due to the hook effect.
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Figure41 HTRFbased FKBP52 quantification enables detection efodéncreased FKBP32velsin celllysates.A Western

blot of HEK293T cells transiently transfected with 20 pmol/well-BKIBP52 siRNA (siRNA), 200 ng/well pcERBg-KBP52
(overex.) or untransfected (no transf.) cells in 12 well plates (quadruplic&eB)RFatios of the lysates from An presence
of 120nM MWa146,1.2nM antirabbit-Eucryptate and 125 nM antirFKBP52 antibaes Bar and error bargepresent mean
and standard deviation of technical duplicates.
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Lastly, it was tested if the HTRFassay is suitable to detect a FKBP5Rnockdown when the cells

are cultured in a 24 well format (Figure 80). Similar to the 12 well format ( Figure 41), SiRNA-

mediated FKBP52knockdown was detectable using the HTRFassay directly in cell lysates.

Taken together, assay conditions using 120nM tracer (MWal46), 1.25nM anti-FKBP52
antibody, 1.2 nM anti-Rb-Eu cryptate antibody and cell lysates originating from 24 well plates
were suitable to detect a decrease in FKBP52 levelsConsequently,the assay was employed to

test PROTACcandidatesfor FKBP52 degradation.
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4.6. FKBP-PROTACs

4.6.1. Cellular assessment of PROTACactivity

All copper-catalyzed click chemistry-assembledPROTAC candidateq Figure 42A) were tested
in FKBP51 _eGFP and FKBP12_eGFP reporter assdisgure 42B). FKBP52binding candidates
(based on alkyne Al-A7) were profiled in FKBP52quantification HTRF assaysand/or by
Western blotting (Figure 83 and Figure 84), if they had not previously been tested for FKBP52
degradation by Dr. Andreas Hahle

1[2[3]a]s][1]2[3]4]5

FKBP51 || FKBP12

Figure42 Adivity overview of FKBP PROTALBROTAC candidates resulting from coppaalysed click chemistry of alkyne
functionalized FKBP ligands (top) and afidectionalized linkeiE3 ligase ligand building blocks (bottorB)Degradation
activity profilein FKBP51_eGHRansient expressionand FKBP12_eGHBtable expressiomeporter assays (green: >80
reporter degradation; yellow: 5@5 % reporter degradation; red < 26 reporter degradation after 48 treatment).PROTAC
candidates were synthesized by. Dianqi Madq154]and Dr. Michael WalA67].
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Preliminarily active PROTACs were validated by western blotting for degradation of
endogenous FKBP12(Figure 43A and Figure 82) and FKBP51(Figure 43B and Figure 81),

respectively.
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Figure43 Cellular activity of the initially best FKBP12 and FKBP51 PR@TA@mical sucture of PROTAC 5al and western
blot of 5atdependent FKBP12 degradation (24 h treatmeBthemical structure of PR®C 14b1 and western blot of 14b1
dependent FKBP12 and FKBP51 degradation (24 h treatment)

Strikingly, the majority of PROTAC candidates efficiently degraded FKBP12 but only a small
fraction of the candidates was active on FKBP51(Figure 42B). Additionally, some PROTACs
were false positive in HTRFbased FKBP52 quantificationassay andcould not be validated by
Western blotting (Figure 83 and Figure 84). For FKBP12PROTACsactivity was not limited to
any E3 ligaseligand, linker length or FKBP ligand attachment point. In sharp contrast, active
FKBP51 PROTACs showed a clear preference for SAfiased FKBP ligands and the VHL
ligand b. Despite the higher preference for FKBP51 binding over FKBP1Dinding of the SAFit-
based scaffold initial SAFit-based FKBP5IPROTACS retained substantial FKBPt8egrading
activity. Collectively, these results demonstrate a strong degradation bias for FKBP12 over the
larger FKBPs FKBP51 and FKBP52. This highlights the advantage TPD to establish a selective
mode of action based on a panselective ligands.However, given the high similarity of FKBP12
to the FK1 domain of FKBP51 or FKBP52 this is hard to explain. Next to their size, one clear
difference between FKBP12 and FKBP51 is thaFKBP51 binds to Hsp90 via its TPR domain

which could trap FKBP51 in degradationresistant complexes GeeFigure 2, and Figure 44A).
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4.6.2. Degradability assessment of FKBP51 and FKBP12 reporter swap mutants

To gain further insights into the basis of selective degradation FKBP12/FKBP51 swapmutant
reporter constructs were generated. Therefore, the FK1 domain of FKBP51 was directly fused
to eGFR reducing the size as well as abolishing the ability to associate with Hsp90.
Furthermore, the FK2 and TPRdomains of FKBP51 were fusedto FKBP12increasing the size
and likely facilitating binding to Hsp90. The eGFP-fused mutant-constructs (Figure 44B) mimic
the FKBP12eGFP and FKBP5EGFP reporter, respectively.
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Hsp90-binding ’ . > 50% reporter
§ i degradation
25% - 50% reporter
FKBP51 s degradation
’ - < 25% reporter
FKBP51FK1 7 degradation

\_/ IRES2

D no data

pCMV eGFP mCherry

FKBP51FK1-reporter construct

FKBP12 FKBP51_TPR

IRES2

/

PCMV  pyphss ‘pkz CGFP mCherry

FKBP12_51(FK2_TPR)-reporter construct

G C G G G AT GR A C G A 0T G EAET e 1 D AR G B B E R A G AR A AR R A A A

Figure44 Activity overviewof FKBP PROT A@ndidatesfor FKBP1/FKBP51 swap mutant8.Schematic representation of
FKBP51 and FKBPB2/isualization of th&&KBPLFKBP51 swap mutargporter plasmids.CDegradation activity profile in
FKBP5¥! eGFP and FKBPEKBBI(FKZTPR) eGFP reporter assays (green: $bQeporter degradation; yellow: 586 %

reporter degradation; red < 2% reporter degradation after 48 treatment).

Testing of the PROTAC candidate library for both mutantreporter constructs (Figure 44C)

revealed, that (i) the FKBP51I™pcnmprcp gq "“c_qggcp% +Huhlengthep bc
reporter construct; (i) fsggl e DI @N3/ %g DI O _I b RNP bmk_gl r
degradability; (iii) the PROTAC series differing in linker length that featured active PROTACs

for full-length FKBP51 (10al5, 11b1-5, 12b1-5, 14b1-5) showed also more active (green)
PROTACS for the truncated construct This indicates that the FK2 and TPR domainmight block

ubiquitination -productive ternary complex formation. However, it cannot be distinguished if a
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limit ed rotatability of the protein by clashes of these domains and the E3 ligaseor trapping of
the FKBP51 or the FKBP12_KKBPS1FK2_TPR)in degradation-resistant complex with Hsp90 is

the reason here.Testing of a reporter construct featuring a Hsp90 binding-inactive TPR domain

(FKBP51524) could give further insights into the role of Hsp90 binding for degradability.
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4.6.3. Cellular characterization of FKBP12 PROTACs

Among the most efficacious FKBP12PROTACs were compounds of series 5a and 6aF{gure
45A&B). 5al and 6al completely degraded endogenous FKBP12 (x> 95%) with an DG of
20 pM (Figure 43A, Figure 82). Striking outliers in that series were compounds 5a2 and 6a2
that were degradation-inactive (Figure 45C&D).

H
0w TV O TG s T O
ba2: n=2 4 o ‘n= N
: 5a3: n=3 ) o 6a3: n=3 s/
5a4: n=4 6ad: n=4
bab: n=5 6a5: n=5

-
o
]

1.5+

"0
O

£ -e- bal z -e- Bal
% 3 = 5a2 g 5 = a2
EE 107 » 5a3 EE 10+ » Ba3
o (&) o q
[TH V¥ ('S
g9 :a; 53 v 6ad
a (2]
' 051 'S 051 6as
za a2
g =
g ¢
[T [T
0.0 0.0
N N N N N QO Q D Q) N N N N N Q) S S
O O D Q N Q N 3) S () Q . N ) ) )
Q' Q' - N Q' S Q
Q_Q o Q N9 Q-QQ QQ Q N \QQ
compound / nM compound / nM
600+ - 5al 600 - 6at
2
2 -a- 5a2 EEJ = 6a2
E
~ 400- s 5as < 400- + a3
2 + 5a4 = + 6ad
= ©
E 5a5 - 6a5
W 200- L 200+
© o
0 ; 0 :
0.1 1 10 100 1000 10000100000 0.1 1 10 100 1000 10000100000
compound / nM compound / nM

Figure45 Chemical structures andBand FKBP12_eGFP reporter degradation pro@lasd D of PROTAC series 5a and 6a.
Individual data points and error bars in C and D represent mean and standard deviation of biological duplicates. Compound
E5al-5a5and F 6al-6a5engage FKBP12 in living HEK293T cells stably overexpressing-NRKBPh#ividual data points

and error bars in E and F represent mean and standard deviation of biological tripldateBRET asssfpr PROTACs were
performed in presence the neddylation inhibitor MLN4924 to block FKBRi2degradation.
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Compounds of the series 5a and 6atightly engaged FKBP12 in living cells Figure 45E&F).
Strikingly, the most potent PROTACSs 5al and 6al showed the least efficient target occupation.
Conversely, the degradationinactive PROTAC candidates 5a2 and 6a2 displayed the strongest
cellular target-engagement. This demonstrates3 _ 0 | Hackdf dégvadation activity is not
due to the lack FKBP12 bindingin cells. On contrary, this could indicate that these compounds
have the highest affinity for FKBP12 within their respective series A possible reason for the
degradation inactivity of 5a2 and 6a2 could be a pronounced negative cooperativity, where
binary FKBP12binding is favored over ternary complex formation. To test this hypothesis, it
would be suitable to assess binding to VHL in presence and absence of FKBP12. If VHiinding
is strongly decreasesn presence of FKBP12this would indicate that ternary complex formation
is unfavorable and binary binding to FKBP12 is preferred. Hence, this could explain the lack of
degradation activity as the ternary complex - a prerequisite for PROTAGinduced degradation

- is not formed.
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To establish the FKBP12PROTACs5al and 6al as useful chemical toolsthey were further

characterized in mammalian cells.
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Figure 46 Cellular characterization of 5al and 6al celd-K506binding site andB neddylation as well as prossome
dependent mode of actionrCFKBP12 degradation kinetics of 5al and 6al in HEK293Ddedssisting effects of 5al and
6alafter 24 houstreatmentwith 1 uM PROTAD HEK293T cells

5al- and 6al-induced degradation was blocked by the high affinity FKBP ligand FK[4.3.1]-16h
[49] (Figure 46A), and by inhibition of neddylation and the proteasame by MLN4924 and
carfilzomib, respectively (Figure 46B). The PROTACSs achieved full degradation after 12h and

6 h treatment, respectively, at low concentrations of 2 nM (Figure 46C) and FKBP12 levels

gradually recovered after washout to normal levels after 72 h (Figure 46D).
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Figure47 Cellularactivity of 5al and 6al in N2a and Hela cellesw&frn blot of 5aland 6al mediatedFKBP12 degradation
in Hela A, © and N2aB, D) cells after24 h treatment.

Additionally , profiling in Hela and murine N2a cells demonstrated that 5al and 6al are active
across different cell lines (Figure 47). Furthermore, quantitative proteomics confirmed the
selectivity of 5al for FKBP12 with FKBP12 being the strongest and most significantly 5ai
downregulated protein in MOLT-4 cells (Figure 48).
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Figure48 Label free quantitative proteomics MOLT4 cell lysates after treatment (5 h) with 5al1 (1 uM). FKBP12 (FKBP1A)
is selectively degraded. -Hinf box (grey) contains proteins that were below detection level in all replicates of a specific
treatment group Global proteomics data were collected and analysel#therine A. Donovan, Eric S. Fischer and the Fischer

Lab Degradation Proteomics Initiative.
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4.6.4. Optimization of first generation = PROTACSsyields the most selective and highly active
FKBP51-PROTAC SelDeg51

Based on the dlight preference for FKBP51 degradation over FKBP12we chose 14bl as a

starting point for further optimization. In PROTAC optimization of already active PROTACsthe

linker plays a key role and there are generally three strategies: (i) either the linker is evolved

to further contribute to ternary complex through additional beneficial protein -linker contacts;

(i) the flexibility of the linker is reduced to preselectan” _ar gt ¢ % aml d righe r g ml
degrees of freedom and hence reduce the entropic loss upon ternary complex formation ii i)

fine tuning of the linker length to improve ternary complex formation.

We explored systematic linker branching though addition of methyl groups to limit linker
flexibility as well as fine -tuning the linker length by linker elongation through the insertion of

one or two carbon atoms (Figure 85A). Dr. Michael Walz synthesized all 14b1 analogs[167] .
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Figure49 Identification and binding mode of SelDeg&lChemicaktructure of SelDeg51 (red: FKBP ligand; green: linker;
blue: VHL ligandB SelDeg5inediated FKBP51 and FKBP12 degradation after 24 h treaiohe¢tEK293T cellSelDeg51
was synthesized by Dr. Michael Walz.

Linker branching and insertion of two carbon atoms did not improve FKBP51 degradation
efficacy (Figure 85B), but insertion of a single carbon atom yielded the Selective Degrader of
FKBP51(SelDeg51) (Figure 49A) with slightly improved cellular activity and a higher selectivity
(Figure 49B). To establish SelDeg51 as a useful chemical tool | characterized the PROTAC in

mammalian cells.
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4.6.5. Cellular characterization of SelDeg51
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Figure50 Cellular characterization of SelDeg®lSelDeg5kngages FKBBL1 in living HEK293T cells stably overexpressing
FKBB1FINluc Individual data points and error bars in A represent mean and standard deviation of biological triplicates.
NanoBRET assays for PROTACs were performed in presence the neddylation inhibitor MLN4924 to blotkRikiBP51
degradationB FKBP51 and FKBP12 degradation kinetics of SelDeg51 in HEK298PesdlIsting effects of SelDeg51 after
washout.D FK506bindingsite occupationand EVHL as well as pratsomeand neddylation inhibition rescue degradation
during 24h and 8h, respectively

SelDeg51 engagd FKBPS5L1 in living cells with an 1Cso values of 2160+147nM. Thereby,
SelDeg51displayed a lower potency (approx. 10-fold) than the parent FKBP51 ligand SAFit2
with an ICsp value of 182+13 nM in competitive FKBP51 NanoBRET assayd-igure 50A). This
might be due to the bi-functional nature and hence larger size of the AROTAC compared to the
parent ligand. The PROTAC achieved maximal degradation after 24 at a concentration of

1 puM (Figure 50B) and FKBP51 levels gradually recovered to normal levels after 2 after
washout (Figure 50C). Co-treatment with an excess of the FKBP ligands 189 [49] and 64a
[57] or the VHL ligand HWS2 blocked SelDeg51 mediated degradation Figure 50D&E).
Therefore, the expected mode of action of SelDeg51 was confirmed as FKBP51 and VHL-
binding dependent. Additionally, both neddylation inhibition by MLN4924, which blocks cullin-
Ring E3 ligase activity, and proteasome inhibition by Carfilzomib rescued degradation (Figure

50E). This confirmed a neddylation and proteasome dependent modeof action.
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Furthermore, quantitative proteomics confirmed the selectivity of SelDeg51with FKBF51 being

the only significantly SelDeg5tdownregulated protein in MOLT-4 cells (Figure 51).
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Figure51 Label free quantitative proteomics ¢lOLTF4 cell lysates after treatment (5 h) witBelDeg511 uM). FKBP51
(FKBB) is selectively degraded. -+hf box (grey) contains proteins that were below detection level in all replicates of a
specific treatment groupGlobal proteomics data were collected and analyse&#therine A. Donovan, Eric S. Fischer and
the Fischer Lab Degradation Proteomics Initiative.

Taken together, these results establish SelDeg51 as useful chemical tool and confirm that
FKBP51 is downregulated through PROTAC mediated degradation and not through off target

effects or cytotoxicity.
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4.6.6. Cellular effects of FKBP51 -degrading PROTACS surpass conventional ligands .

The Hsp90 cochaperone FKBP51 is a key regulator of steroid hormone signalingDuring the
course of this thesis, he structural basis of this regulation for the GR as a model systemhas
been investigated by cryoEM [168] and crosslinking [165] studies. These studiesdemonstrated
that the FKBP5XGR interface extends from the FK1 domain to the tip of the TPR domain of
FKBP51.Furthermore, it was demonstrated that (i) synthetic FKBP ligandsengage FKBP51 in
living cells (see chapter4.2.3); (i) remodel but not disrupt the FKBP51:apoGR:Hsp90 complex
[165] and (iii) do not reactivate GR signaling (see chapter4.3). This led to the conclusions (i)
that the FK506-binding site is dispensable for GR regulation, (i) synthetic FKBP ligands are
functionally silent and (iii) that FKBP51 inhibits GR signaling through its scaffolding
functionality . PROTACs degrade the target protein andconsequently target all protein
functions. Totestif PROTACKk cbg _rchb DI @N3/ bcep_b _r gml umsij b
function and relieve its inhibitive pressure on the GR, | assessed the ability of SelDeg51 to

restore GR signalling in a GR reporter gene assayHigure 52A).
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Figure52 SelDeg51i F NES(ia CY.t pmQa aéactif@s2giudddostichid Ramyfdd Signding. Sthehiatic
visualization othe glucocorticoid reporter gene assay in Hela@R cell§161]. Stimulation of the GR by dexamethasone

(Dex) results in expression of a luciferase (luc2p) which is controlled by glucocorticoid response elements (GRE). FKBP51
inhibits the GR through scaffolding/hile the FK50®&inding site not essential in that context. Luciferase expression is
indicativeof GR activationB FKBP51 levels are robustly increased by dexamethasone treatment (Dex) and are efficiently
diminished by SelDeg51 -t@atment. Full blots are depicted Figure86. CSelDeg54dnediated(1 pM)FKBP51 degradation
reactivates GR signaling in reporter gene assays in Hel&RZzeltluring 48h cotreatment with Dex D SelDeg54dnediated

(250nM) FKBP51 degradation but not FKBP ligandsp(2)5reactivate GRsignalling in GR reporter gene assdysing 48h
co-treatment with 6.25nM Dexin Hela AZGR cellsLuminescence values were normalized to the mean of the unstimulated
control (no Dex, no compound/PROTAC) to yield fold induction values. Individual data points and error bars in C and D
represent mean and standard deviation of three biological replic#teterisksndicate significance{p <0.05; *: p<0.01;

w0k 1y <0.001).
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In this reporter gene assay, luciferase (luc2p) expression is controlled by glucocorticoid

response elements (GRE) resulting in induction after GR stimulation with dexamethasone.
Therefore, luciferase levels are indicative for GR activation (Figure 52A) and can be easily
assessed by luminescence measurements upon luciferase substrate additioMoreover, FKBR
expression is also induced by the GRFKBP51negatively regulates GR signaling(see chapter
4.3), which constitutes an ultra-short negative feedback loop. Indeed, FKBP51 expression can
be robustly induced by dexamethasone(Dex) during the 48 hours treatment. Importantly, Dex-
stimulated FKBP51 levels can be drastically reduced byco-treatment with SelDeg51 (Figure
52B and Figure 86). Thereby, SelDeg5kmediated degradation of FKBP51 removed the
inhibitory effect of FKBP51on the GR andincreased the sensitivity to Dex without influencing
the maximal observed GRactivation (Figure 52C). As shown before (Figure 32), the FKBP
ligand 185Me) alone did not influence GR signalling, but it abrogated SelDeg5tmediated
FKBP51 degradation(see Figure 50D) and the effect of SelDeg51on GR signaling(Figure 52D).
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6.25 nM Dex

SelDeg51B SelDeg51 but natisSelDeg51 degrades FKBP51 in HEK293T cellSreactivates GRignaling in GRReporter
gene assaym Hela AZGR cellsCisSelDeg51 was synthesized by Dr. Min Zheng

As a further control, | tested cisSelDeg5l (Figure 53A), that features an inverted stereocenter
on the hydroxyproline moiety of the VHL ligand which abrogates VHL but not FKBP51 binding.
This FKBP51 degradationinactive compound cis-SelDeg51 (Figure 53B) also did not reactivate

GR signaling in reporter geneassays Figure 53C).

Taken together the results demonstrate that (i) synthetic high affinity FKBP ligands are
functionally silent on GR signaling (i) but the potent FKBP51 PROTAC SelDeg51 is
functionally active; (iii) the effects of SelDeg51 can be blocked by FKBP ligargl and (iv) the
effects of SelDeg51 are mediated by FKBP5#legradation and not by binding alone. The
experiments prove that degradation outperforms mere inhibition in this system and
demonstrate that functionally silent binding pockets can still be used This was achieved by
switching from an occupation-driven strategy to an event-driven pharmacology by turning
functionally silent small molecule ligands into an active PROTACWhile this possibility hasbeen
hypothesized for a long time, examples demonstrating a such fundamentally enhanced

pharmacology of PROTAC<ompared to their parent ligands have been rare[117,143-145].
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4.7. Cellular discovery of FKBP12 -degrading molecular glues

Historically, degradative molecular glues have been rare and were mostly discovered
serendipitously. Their rational discovery for desired targets still representsa major challenge.
The high degradability of FKBP12 (see chapter4.6.1) and that nature repeatedly resorted to
FKBP12 to enable natural molecular glues (see chapter3.2.1) indicate FKBP12 as an ideal
model system to discover molecular glue degraders. &rget focused libraries bear the possibility
to contain molecular glues that in case of glueing E3 ligases can lead to target degradation
(Figure 54). To test this hypothesis, | tested a FKBPfocused library for FKBP12degrading

molecular glues.

OYJ* 0 Q\( N,
0 0=5=00 SR
R2 R2 o 0

pipecolate pipecolate-  [4.3.1]-bicyclic
ketoamides sulfonamide  sulfonamides

Turn
over

SAFit-like Macrocyclic SAFits

> 900 focused FKBP-ligands

Figure54 Cellular identification of degrading molecular glues from focused librakigarget focusedegradative molecular
glues bind the protein of interest (POIh favourable cases the solvent exposed parts of the ligandratayit the binary
complex to &3 ligaseThe POinay then beubiquitinated and degradedeleasing thenmolecular glugo act catalyticallyB
Focusedn-houseFKBRigandlibrary ofthe Hausch lab
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4.7.1. Cellular screening of a FKBP -focused ligand library for FKBP 12-degrading

molecular glues

The Hausch lab has assembled over the years a FKBRfocused library containing over 900
compounds that tightly bind FKBP12. Using the established fluorescent FKBP12_eGFP level
reporter assay (see chapte#t.4) the library was screened for FKBP12degrading molecular glues

in a cellular system(Figure 55).
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Figure55 Cellular screening cd FKBPfocused ligand library for FKBP12 degrading molecular glues. Several compounds
induce FKBP12_eGFP degradation in FKBP12_eGFP reporter cellslatteatt@ent atA 10 uM or B 0.5uM. Red dashed

line represents mean of the DMSO control; blue dashed symbolizasbitrary 15% activity cubff. Individual points and

error barsrepresent the mean and standard deviation of independent biologicgdlicates eGFP/mCherry ratios were
normalized to the eGFP/mCherry ratio of the DM®@trols.The originaeGFP and mCherry fluorescence data are provided

in Figure87.

Several FKBP ligands decreased the FKBP12_eGmRERCherry ratios compared to the DMSO
controlin FKBP12_eGFRevel reporter assays after48 hourstreatment ( Figure 55). Compounds
that induced degradation > 15% were regarded as hits and further profiled. AV474 and AV478
were not further investigated as they strongly decreased mCherry levelsin addition to

FKBP12_eGFP levels likelyndicating cytotoxicity ( Figure 87C).
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4.7.2. SAR and optimization of FKBP12 -degrading molecular glues

The primary hits from the initial screening and close analogs thereof(JK095, JK096, JK236)as

control compounds were tested in doseresponse experiments(Table 3 and Figure 88).

Table3 Chemical suctures and activity in FKBP12_eGFP level reporter assialyis from the initial screening and close
analogs thereof. Maximal achieved degradatiom{Pand half maximal degradation (R values were determined by a
four-parameter fit. Corresponding dosesponse curves are depicted(figure88). JK095, JK096, JK236 were no hits in the

initial screerand were included as controls
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All hits from the initial hits except RCD95, which appeared to be a falseprimary positive hit,

degraded the FKBP12_eGFP reporter in dose2sponsive manner.
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Figure56 Initial summary of sucture affinity relationship for FKBP12_eGFP degrading moleghuies.

Initial structure -activity analysis (Figure 56 and Table 3) of the confirmed hits showed that (i)

variations in the R3 position were well tolerated. However, truncation to a free hydroxyl group

abrogated activity as demonstrated by the JK236/JK237 analog pair (ii) the pyridine moiety
in R! appears to beessentiat and (iii) the alpha-C methylation in S-configuration in R can
enable or boostactivity as evidenced by the analog pair JKO® and JK237 that only differsin
their R! alpha-C methylation status. Notably, R! alpha-C methylation boosts the affinity of the
ligands for FKBP12approximately by a factor of three [51] . (iv) R? substitutions are not broadly

tolerated.

Based on the good activity and simplicity of its R® position, SP448 was chosenas a lead
compound for further optimization over compounds with similar activity . The compound was
resynthesized byDr. Patrick Purder yielding PPu648 Based on the initial SARfindings he also
installed a methyl group in S-configuration in the R C-alpha position resulting in PPu670
(Figure 57).

Figure57 Addition ofa methyl group in £onfiguration in the RGalpha of SP448 yields compound PPu670 with increased
potency in FKBP12_eGFP level reporter as€mshed line indicates mean of the DMSO control. Individual data points and

error bars represent mean and standard deviation of biological duplicBte®atrick Purder synthesized PPu648 and PPu670.
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