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Abstract: The FK506-binding protein 51 (FKBP51) is a
promising target in a variety of disorders including
depression, chronic pain, and obesity. Previous FKBP51-
targeting strategies were restricted to occupation of the
FK506-binding site, which does not affect core functions
of FKBP51. Here, we report the discovery of the first
FKBP51 proteolysis targeting chimera (PROTAC) that
enables degradation of FKBP51 abolishing its scaffold-
ing function. Initial synthesis of 220 FKBP-focused
PROTACs yielded a plethora of active PROTACs for
FKBP12, six for FKBP51, and none for FKBP52.
Structural analysis of a binary FKBP12:PROTAC com-
plex revealed the molecular basis for negative coopera-
tivity. Linker-based optimization of first generation
FKBP51 PROTACs led to the PROTAC SelDeg51 with
improved cellular activity, selectivity, and high coopera-
tivity. The structure of the ternary FKBP51:SelDeg51:
VCB complex revealed how SelDeg51 establishes coop-
erativity by dimerizing FKBP51 and the von Hippel-
Lindau protein (VHL) in a glue-like fashion. SelDeg51
efficiently depletes FKBP51 and reactivates glucocorti-
coid receptor (GR)-signalling, highlighting the enhanced
efficacy of full protein degradation compared to classical
FKBP51 binding.

Proteolysis targeting chimeras (PROTACs) are heterobi-
functional molecules that induce the degradation of target
proteins which is fundamentally different to occupying
functional active sites. PROTACs contain ligands for the
protein of interest (POI) and for the E3 ligase, connected
through a linker. By recruiting POIs to the E3 ligase in cells,
they catalytically trigger ubiquitination and subsequent
degradation of the POI.[1] One of the key prospects of
PROTACs over classical inhibitors is the ability to exploit
non-functional binding sites in POIs.[2–5] The FK506-binding
protein 51 (FKBP51) is a cochaperone in the Hsp90
machinery and a key regulator of steroid hormone
signalling.[6] Especially in the context of the glucocorticoid
receptor (GR), FKBP51 acts in an ultra-short feedback loop
to counteract the hypothalamic-pituitary-adrenal axis activa-
tion and fine-tune the stress response.[7] In recent years,
FKBP51 emerged as a promising drug target for stress-
related mental disorders,[8,9] chronic pain,[9–13] and
obesity.[14–17] Historically, FKBP51 targeting strategies have
relied on the FK506-binding site occupation but failed to
address FKBP51’s scaffolding function. Photo-crosslinking[18]

and cryo-EM studies[19] of the FKBP51:Hsp90:GR complex
recently demonstrated that the FK506-ligand binding site is
not essential for GR regulation, explaining the limited
cellular efficacy of FK506 analogues. We therefore explored
if targeted FKBP51 degradation could overcome the limi-
tations of FKBP51 occupation-based strategies.

Towards this aim, we generated 220 different FKBP-
focused PROTACs by combinatorically connecting 15
different FKBP ligands, five different linker lengths (n=1–
5, PEG-based), and three E3 ligase ligands for the von
Hippel-Lindau protein (VHL) and cereblon (CRBN) (2x
VHL-based, 1x CRBN-based, Figure 1). We first preas-
sembled azide-functionalized linkers with the E3 ligase
ligands (Figure 1B). These were then coupled to alkyne-
functionalized FKBP ligands by copper-catalyzed click
chemistry. We chose SAFit-like[20,21] and bicyclic [4.3.1]-
sulfonamide[22–24] scaffolds as FKBP ligands due to their
potency and well-understood binding mode (Figure 1A).
Together, these scaffolds provided a wide range of exit
vectors to explore different FKBP:VHL/CRBN orientations.
All PROTAC candidates were screened for FKBP binding
(Figure S1.1), cooperative ternary complex formation[25]
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(Figure S1.2), which describes enhanced (positive) or re-
duced (negative) PROTAC binding to one protein in
presence of the second protein, and for degradation activity
in FKBP51_eGFP and FKBP12_eGFP level reporter assays
in HEK293T cells (Figure 1C & S1.3). Preliminarily active
PROTACs were then validated by Western Blot for
degradation of endogenous FKBP12 (Figure 1D and S1.5)
and FKBP51 (Figure 1E and S1.4). Strikingly, we found that
the majority of PROTACs efficiently degrade FKBP12 but
only a small fraction was active for FKBP51 (Figure 1C),
and none showed activity for FKBP52 (Fig S1.6 & S1.7). For
FKBP51, only SAFit-based ligands yielded active PRO-
TACs (partially explaining the lack of FKBP52 PROTACs),
and there was a clear preference for VHL ligand b
(Figure 1B), similar to previously reported observations for

Brd7/9 dual degraders.[26] In contrast, activity was not limited
to any E3 ligase ligand, linker length or POI attachment
points for FKBP12 PROTACs. Despite the strong prefer-
ence of SAFit-type ligands to recruit FKBP51 over FKBP12,
all initial FKBP51 PROTACs retained substantial FKBP12-
degrading activity.

Among the most potent, efficacious and selective
FKBP12 PROTACs were compounds of the 5a and 6a series
(Figure 2A and S2.1 & S2.2), e.g. 5a1 and 6a2 which
completely (>95%) degraded endogenous FKBP12 with a
DC50=20 pM (Figure 1D, Fig S1.5, S2.1 C & S2.1D, S2.2).
Striking outliers in these series were PROTACs 5a2 and 6a2
with a linker length of n=2, which were completely
degradation-inactive (Figure 2A and S2.1 C & S2.1D). This
was not due to lack of FKBP12 (Figure 2B and S2.1E) or

Figure 1. Overview and Design of FKBP PROTACs. A) Structures of alkyne-functionalized FKBP ligands. B) Structures of azide-functionalized linker-
E3 ligase ligand building blocks. C) Degradation activity profile in FKBP51-eGFP and FKBP12-eGFP reporter assays (green: >50% reporter
degradation; yellow: 50–25% reporter degradation; red<25% reporter degradation after 48 h treatment). D) Structure of PROTAC 5a1 and western
blot of 5a1-dependent FKBP12 degradation (24 h treatment). E) Structure of PROTAC 14b1 and western blot of 14b1-dependent FKBP12 and
FKBP51 degradation (24 h treatment). Uncropped western blot images are depicted in Figure S5.1.
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VHL binding (Figure S2.1F). In contrast, compounds 5a2
and 6a2 were among the most potent FKBP12 ligands
reported so far,[22,24] and bound FKBP12 substantially better
than their degradation-active analogues 5a1, 5a3–5, 6a1, and
6a3–5. However, affinities to VHL of 5a2 and 6a2 were
dramatically reduced in the presence of FKBP12, indicating
pronounced negative cooperativity, whereas PROTAC 5a1
and other analogues displayed highly positive cooperativity
(Figure 2C, S2.1G and Table S1). To elucidate the molecular
basis for the negative cooperativity, we solved the crystal
structure of 6a2 in complex with FKBP12 (Figure 2D). This
revealed a pronounced collapse of the VHL-binding moiety
of 6a2 onto the FKBP12-binding moiety, driven by an
intramolecular hydrogen bond, π stacking and extensive
intramolecular hydrophobic contacts (Figure 2E & 2F).
Several contacts of the linker and VHL-moiety with
FKBP12 were observed, explaining enhanced FKBP12 bind-
ing of 6a2 compared to the starting FKBP12 ligand. More-
over, the collapsed conformation prevents binding to VHL,
explaining the observed negative cooperativity and lack of
degradation activity (Figure 2G).

To improve the cellular efficacy and selectivity for
FKBP51 degradation, we first characterized the binding
properties of the initial PROTAC hits for binding to
FKBP51 and VHL as well as cooperativity, and ternary
complex formation. All initial hits retained affinity to
FKBP51 and VHL. Based on the promising positive
cooperativity (Table 1 & Table S2) and slight preference for
degradation of FKBP51 over FKBP12 (Figure 1E), we chose
14b1 as initial starting point for optimization. Branching
methylation of the linker slightly reduced degradation
efficacy (Figure S3.1), whereas elongating the linker by one

Figure 2. Crystal structure of a binary FKBP12-PROTAC complex reveals the structural basis for negative cooperativity. A) FKBP12_eGFP reporter
degradation after 48 h treatment at 1 μM PROTAC. Bars and error bars represent mean and standard deviation of biological duplicates B) Binding
affinities to FKBP12 derived from competitive FP assays using a FKBP-FP-tracer. Bars and error bars represent mean and standard deviation of
duplicates C) Cooperativity (alpha=KD(binary)/KD(ternary)) for binding to VCB derived from competitive FP assays using a VHL-FP tracer. Bars
and error bars represent mean and standard deviation of triplicates D) Crystal structure and E) ligand interaction map of 6a2 bound to FKBP12.
The FKBP12-binding part of 6a2 is shown in red, the VHL-binding part in blue, and the linker is colored in green. F) Conformation and
intramolecular interactions of 6a2 bound to FBKP12. G) Schematic model of negative cooperativity for 5a2 and 6a2.

Table 1: Binding affinities and cooperativities of 14b1 and SelDeg51
binding to FKBP51FK1. Binding constants (in nM�SD) represent three
replicates and were determined in a competitive HTRF assay using a
FKBP-HTRF tracer either with the PROTAC alone or in presence of an
excess (5 μM) of VCB.

PROTAC KD(PROTAC)/nM KD(PROTAC:VCB)/nM α

14b1 26�3 0.81�0.06 32
SelDeg51 18�2 0.78�0.07 23
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carbon as in SelDeg51 (Selective Degrader of FKBP51)
improved potency (Dmax=90%), efficacy and selectivity
compared to 14b1 (Figure 3A & B, Figure S3.2). SelDeg51
retained high positive cooperativity for FKBP51 and
potently induced ternary complex formation (Figures 3 C &
S3.3B, Table 1).

The molecular basis for the positive cooperativity
became apparent with the crystal structure of the ternary
FKBP51-SelDeg51-VHL complex (Figure 3D). The VHL
and FKBP ligands are both bound to their respective
binding pockets, while the linker was largely solvent-
exposed (Figure 3D & E). The 2-fluoro-2-cyclopropyl moi-
ety of the VHL ligand part of SelDeg51 is deeply buried
between the two proteins, explaining the strong preference
of FKBP51 for PROTACs based on VHL building block b
(Figure 3E & G). We observed minor direct contacts
between FKBP51 and VHL, e.g. FKBP51G84:VHLR69,

FKBP51Y113,S118:VHLP71, and FKBP51L119,P120:VHLD143,G144

(Figure 3F). Strikingly, we observed a major interaction
interface between the FKBP51 ligand and
VHLR69,P71,Q73,H110,Y112 (Figure 3G), burrowing an area of
206 Å2 which is in the same range as previously observed
protein-protein interactions.[27] In addition, the VHL ligand
engages in direct interactions with G84 and Q85 of FKBP51
(Figure 3H). Ion mobility measurements suggested that the
conformation of the ternary complex observed in the crystal
structure is maintained in solution (Figure S3.3). The
positive cooperativity of SelDeg51 is thus driven by a
molecular glue-like binding mode that is established by
extensive interactions of the FKBP-and VHL ligand parts of
SelDeg51 with their originally non-cognate protein partners.

To establish SelDeg51 as a useful chemical tool, we
characterized its properties in mammalian cells. SelDeg51
engaged FKBP51 in living cells, although approx. ten-fold

Figure 3. Identification and binding mode of SelDeg51. A) Chemical structure of SelDeg51 (red: FKBP ligand; green: linker; blue: VHL ligand). B)
SelDeg51-mediated FKBP51 and FKBP12 degradation after 24 h treatment. C) SelDeg51 binding to FKBP51 in presence or absence of VCB in
competitive HTRF assays using a FKBP-HTRF tracer. Symbols and error bars represent mean and standard deviation of triplicates D) Crystal
structure of the ternary FKBP51-SelDeg51-VHL complex (brown: FKBP51 FK1 domain; SelDeg51 represented as spheres: red: FKBP ligand; green:
linker; blue: VHL ligand; grey: VHL). E) Solvent exposed linker (green sticks) of SelDeg51. F) Direct FKBP51:VHL contacts, highlighting FKBP51
residues (blue) and VHL residues (red) engaged in protein-protein interactions. G) VHL residues (pale red surface) in contact with the FKBP-ligand
of SelDeg51 (red sticks). H) FKBP51 residues (cyan) in contact with the VHL ligand of SelDeg51 (blue sticks). Uncropped western blot images are
depicted in Figure S5.2
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less efficient than its precursor SAFit2 in competitive
NanoBRET assays (Figure S4.1). It displayed a rather slow
degradation rate and achieved maximal FKBP51 degrada-
tion after 24 hours (Figure 4A), which was reversible after
24 hours of washout (Figure 4B). To study fast FKBP51-
dependent processes in cells, further optimization might be
necessary to enhance the degradation rate. These results are
in line with protein turnover previously reported for
FKBP51.[28] SelDeg51-induced FKBP51 degradation was
blocked by the selective FKBP51 ligand 64a[21] and the pan-
selective FKBP ligand 18(S� Me)[24] (Figure 4C) as well as by
inhibition of VHL, neddylation or the proteasome (Fig-
ure 4D & Figure S4.4). Quantitative proteomics confirmed
FKBP51 as the strongest and most significantly SelDeg51-
downregulated protein in MOLT-4 cells (Figure S4.2).

FKBP51 is a key regulator of the glucocorticoid receptor
(GR), which is thought to contribute to stress-related
disorders (such as depression),[29] obesity,[14] or chronic pain
states.[10–13,15,17,30] The structural basis for GR regulation by
FKBP51 was recently revealed by cryo-EM[19] and large-
scale in-cell photo-crosslinking.[18] These studies strikingly

showed that the FK506-binding site of FKBP51 is not
directly involved in GR regulation. In line with these results,
occupancy of the FK506-binding site by the FKBP ligand
18(S� Me)[24] did not affect GR signalling in HeLa cells
(Figure 4E). In contrast, SelDeg51 but not its inactive
control (Figure S4.3), was able to enhance GR signalling in
an FKBP51-dependent manner (Figure 4E). Remarkably,
the effect of SelDeg51 was abolished by an excess of ligand
18(S� Me) (Figure 4E). To further explore the efficacy of
SelDeg51 in a physiologically more relevant setting, we
referred to A549 cells, a cellular model for anti-inflamma-
tory effects of glucocorticoids.[31] In these cells, SelDeg51
increased the Dexamethasone-induced expression of the
endogenous GR target genes GILZ and FKBP5 (Figure 4F),
reflecting the removal of FKBP51-mediated repression of
GR signalling. FKBP5, the gene encoding FKBP51, is one
of the most prominent GR target genes, resulting in a
physiologically relevant ultra-short feedback loop control-
ling GR responsiveness. Breaking this feedback is thought
to be crucial to interfere with FKBP51 s function. In contrast
to SelDeg51, the potent FKBP51 ligand 18(S� Me) did not

Figure 4. Cellular characterization of SelDeg51. A) FKBP51 and FKBP12 degradation kinetics of SelDeg51 in HEK293T cells. B) Persisting effects of
SelDeg51 after washout. C) FK506-binding site and D) VHL as well as proteasome-dependent mode of action. E) SelDeg51 (250 nM) mediated
FKBP51 degradation but not FKBP ligands (2.5 μM) reactivate GR-signalling in GR reporter gene assays in HeLa cells. Bars and error bars
represent mean and standard deviation of three replicates. F) SelDeg51-mediated FKBP51 degradation but not FKBP ligands stimulates
endogenous GR-controlled GILZ and FKBP5 expression in A549 cells, determined by qPCR. Bars and error bars represent mean and standard
deviation of at least 2 technical replicates. Uncropped western blot images of A)–D) are depicted in Figure S5.3.
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affect Dex-stimulated GILZ or FKBP5 mRNA expression.
However, FKBP51 binding site occupancy by 18(S� Me)

prevented the effect of SelDeg51, strikingly underscoring
the superiority of FKBP51 degradation vs FKBP51 occu-
pancy.

In summary, we here present SelDeg51 as the first
efficacious FKBP51 PROTAC and unique tool to target the
scaffolding functions of FKBP51. SelDeg51-mediated degra-
dation but not FK506-binding site occupation reactivated
GR signalling, providing a pharmacological tool to revert
FKBP51-mediated stress hormone receptor suppression.
Relative orientation of POI and E3 ligase and cooperativity
are known key parameters for PROTAC development[3,25,32]

that remain poorly understood in many cases. Our results
show how the fine-tuning of (non-cognate) PROTAC-
protein contacts can overcome a strong adverse degradabil-
ity bias among close homologs (e.g. 125 active PROTAC
hits for FKBP12 vs. 6 for FKBP51). We reveal a molecular
glue-like ternary complex for SelDeg51 and provide the
structural basis for negative cooperativity by hyper-affinity
FKBP12 PROTACs. The ability to utilize non-functional
binding sites is a unique potential asset of PROTACs but
clear examples for this are rare,[2–5] likely due to the scarcity
of truly neutral recruiting ligands. Our results provide the
proof-of-concept for a mechanistically new approach to
target FKBP51, providing a basis for the development of
more efficacious FKBP51-directed drugs.
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