Discovery of fully synthetic FKBP12-mTOR molecular glues
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ABSTRACT: Molecular glues are a class of drug modalities with the potential to engage otherwise undruggable targets. How-
ever, the rational discovery of molecular glues for desired targets is a major challenge and most known molecular glues have
therefore been discovered by serendipity. Here we present the first fully synthetic FKBP12-mTOR molecular glues, which
were discovered from a FKBP-focused, target-unbiased ligand library. Our biochemical screening of >1000 in-house FKBP
ligands yielded one hit that induced dimerization of FKBP12 and the FRB domain of mTOR. The crystal structure of the ternary
complex revealed the binding mode of this hit, which bound to the same surface area as rapamycin, but with a radically dif-
ferent interaction pattern. Structure-guided optimization improved potency 500-fold and led to compounds, which initiate
FKBP12-FRB complex formation and S6 kinase inhibition in cells. Our results show that molecular glues targeting flat surfaces
can be discovered by focused screening and support the use of FKBP12 as a versatile accessory protein for molecular glues.

complex.!3 FKBP12 and Cyp18 might be preferred acces-

INTRODUCTION sory proteins as nature used them repeatedly for molecular

For along time, intracellular proteins without suitable lig-
and binding pockets have been considered undruggable.
The emergence of molecular glues as a drug modality chal-
lenged that notion.! Through the help of an additional pro-
tein - an accessory protein - the available binding surface of
the molecular glue-protein-complex can become large
enough to bind even flat, featureless target protein surfaces
with high affinity.% 3 If the accessory protein is an E3 ligase,
the degradation of the target protein through the pro-
teasome machinery can be enabled, providing molecular
glue degraders.* 5 Unfortunately, both molecular glues and
molecular glue degraders are still largely discovered by ser-
endipity as strategies to identify them by a more rational
strategy are rare. The first and most prominent examples
for the serendipitous discovery of molecular glues are the
clinically used immunosuppressants rapamycin 1, FK506 2
and cyclosporin A 3 (Chart 1).7-° Being among the first of
their kind, their function was discovered first, followed by
the identification of the accessory protein, and finally the
target protein itself. FK506 2 and cyclosporin A 3 are now
known to bind to FKBP12 (FK506 binding protein 12) and
cyclophilin 18 (Cyp18), respectively, and their binary com-
plexes bind to calcineurin, blocking access to its substrate
binding site.12-12 Rapamycin 1 binds to FKBP12 and then
their complex binds to the FRB (FKBP-rapamycin 1 binding
domain of mTOR) domain of mTOR (mechanistic target of
rapamycin 1), thereby inhibiting functions of the mTORC1

glues such as WDB002 4 (Chart. 1), inducing FKBP12-
CEP250 complexes!, and sanglifehrin A, which induces
Cyp18-IMPDH2 complexes.!> 16 Additionally, there are sev-
eral other FKBP12-binding natural products (e.g. Merid-
amycin and Antascomicin B)17:18 that can be considered or-
phan molecular glues, as their postulated ternary target
proteins have not yet been identified.1?
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Chart 1. Natural product molecular glues rapamycin 1,
FK506 2, cyclosporine A3 and WDB002 4. FKBP12 or
Cyp18 binding moieties are highlighted in slate blue.

Cyclosporin A 3

Recently, rapamycin 1 analog libraries (rapafucins) have
been developed by Liu and coworkers?® as potential syn-
thetic FKBP-based molecular glues, which led to inhibitors
for hENT120, GLUT1,2* and PAANIB-1 after phenotypic
screening.?> Based on early work by WarpDriveBio, the
company Revolution Medicines developed the Cyp18-based
covalent-reactive KRASG2C inhibitor RMC-6291, which is
currently investigated in a phase [ clinical trial
(NCT05462717).23 As of today there is no universally appli-
cable strategy to systematically identify molecular glues
hits and little is known about the prospects for subsequent
optimization.

RESULTS AND DISCUSSION

To explore the likelihood to discover novel molecular
glues from scratch we wused FKBP12 and the
FKBP12/rapamycin 1-binding domain (FRB) of mTOR as a
well-established model system. We opted for a HTRF (ho-
mogeneous time-resolved fluorescence) screening assay
using a His-eGFP-FKBP12 and GST-tagged FRB constructs.
To enable the detection of weak initial hits, we optimized
the assay conditions to allow for high compound concentra-
tions (Fig. S1). Using this assay, we screened our internal
compound library containing >1000 FKBP focused ligands
(Fig. 1A), originally developed for human FKBP51 or bacte-
rial FKBPs (Fig. S2).24-37
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Figure 1. Identification of compound 7 as a FKBP12-FRB molecular glue. A Initial HTRF screening for the compound-induced formation of the ternary FKBP12-
FRB complex using 100 uM His-eGFP-FKBP12, 20 nM GST-FRB and 1 nM Terbium-labelled anti-GST antibody. B Structure of the three initial screening hits 5%,
624 and 738. C Compounds 5, 6, and 7 dose-dependently increase the HTRF signal indicative of induced proximity between GFP-FKBP12 and the Terbium-labelled
antibody/GST-FRB complex. D Compound 7, but not 5 or 6, increases polarization in a FRB dose dependent fluorescence polarization assay using 20 nM fluores-
cein-labelled FKBP12E14¢ and 5 yM compound. E Western-Blot of photoreactive, diazirine labelled FKBP12T43¢ mutants photocrosslinked with GST-FRB. UV light-
induced GST-reactive bands at a size of approx. 55 kDa are indicative of the ternary complex of compound 7, FKBP12 and FRB being formed in vitro. (A, C, D)

Rapamycin 1 and DMSO were used as positive and negative controls, respectively.

Three hits, compounds 5,33 62* and 738 (Fig. 1B), were
found to induce the HTRF signal in a dose-dependent man-
ner (Fig. 1C). However, only compound 7 dose-dependently
induced higher fluorescence polarization, indicative of ter-
nary complex formation, in an orthogonal fluorescence po-
larization (FP) assay with fluorescein-labelled FKBP12 in
the presence of high concentrations of FRB (Fig. 1D). For
compound 6, we were able to attribute the strong activity in

the HTRF-assay to compound-induced binding of GFP-
FKBP12 directly to the anti-GST antibody (Fig. S3). The de-
sired activity of 7 was further validated by in vitro photo-
crosslinking experiments using FKBP12 site-specifically la-
belled with a photocrosslinking moiety (Fig. 1E). With these
two experiments we firmly validated the weak molecular
glue activity of compound 7.
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Figure 2. Cocrystal structure of the FKBP12-compound 7-FRB ternary complex (PDB: 8PPZ). A Structure of overall complex
of compound 7 (spheres in dark cyan), FKBP12 (surface or cartoon in light green) and FRB (surface or cartoon in yellow). B
Binding mode of compound 7 (dark cyan sticks) towards FKBP12 (light green surface) in the ternary complex. FRB omitted
for clarity. C Binding mode of compound 7 (dark cyan sticks) towards FRB (yellow surface) in the ternary complex. FKBP12
omitted for clarity. D Scaffold of [4.3.1]-bicyclic sulfonamides with RI-position residues in red, Rz-position residues in blue
and R3-position substituents in green and two-dimensional (2D) interaction map of compound 7 with the FRB domain of
mTOR. E FKBP12 (shown as green surface) and FRB (shown as yellow surface) with direct amino acid contacts colored in
wheat and orange for FKBP12 and marine and purple for FRB (primary and secondary interaction sites, respectively). F Com-
plex of FKBP12, FRB and compound 7 (dark cyan spheres) with amino acids participating in primary and secondary direct
contacts shown as sticks. Hydrogen bond is indicated in yellow. G Complex of FKBP12, FRB and compound 7 (dark cyan
spheres) with amino acids participating in secondary direct contacts between FKBP12 and FRB shown as sticks. Water and
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water mediated hydrogen bond are shown as red spheres and yellow dashes. H Overlay of FKBP12 of the ternary complexes
of compound 7, FKBP12 and FRB (PDB: 8PPZ) with the ternary complex of rapamycin 1, FKBP12 and FRB (PDB: 1NSG).
FKBP12 molecules were omitted for clarity. Rapamycin 1 (magenta sticks) and compound 7 (dark cyan sticks) lead to differ-
ent orientations of FRB (yellow for complex with compound 7, grey in complex with rapamycin 1). I Overlay of FRB of the
cocrystal structures of compound 7 (dark cyan sticks, FKBP12 omitted for clarity) with the cocrystal structure of rapamycin
1 (magenta sticks, FRB in gray), highlighting the different binding mode of both complexes. J Overlay of FRB of the cocrystal
structures of compound 7 (dark cyan sticks, FKBP12 in green cartoon and sticks) with the cocrystal structure of rapamycin 1

(magenta sticks, PDB: 1NSG).

To clarify the molecular binding mode, we determined
the cocrystal structure of the FKBP12-7-FRB ternary com-
plex (Fig. 2A). The binding of 7 to FKBP12 was similar as
observed with related ligands from the [4.3.1]-bicyclic sul-
fonamide class and all key interactions were conserved (e.g.
hydrogen bonds to the backbone NH of Ile¢ or to the phenol
of Tyr®?, Fig. 2B). The interactions between 7 and FRB were
largely hydrophobic (Fig. 2C&D). All three substituents of
the [4.3.1]-bicyclic core engaged in contacts with the FRB
domain (Fig. 2C). The R!-pyridine formed van-der-Waals
contacts with Thr2098, Trp2101, Asp2102and Tyr2105, One chlo-
rine and the para-position of the R2-phenyl ring formed van-
der-Waals contacts with Phe2039. The R3-substituent of 7
formed most interactions with the FRB domain, incl. van-
der-Waals contacts to Tyr2038, Phe2039, Val2094, Thrz098 and
Trp?1ot,

The ternary complex was enhanced by several direct
FKBP12- FRB contacts, located in two regions (Fig. 2E). The
major contacts were formed between the 80s loop of
FKBP12 (Tyr8z and Thr8s-11e°°) and the side chains of Ser2035,
Phe2039, Trp2101, Tyr2105, and Phe2108 of FRB (Fig. 2F). This in-
cluded a direct hydrogen bond from the phenol group of
Tyr2105 (FRB) to the backbone carbonyl of Gly8¢ (FKBP12).
In the second region, the amine group of Lys** of FKBP12
formed a hydrogen bond to the primary amide carbonyl
bond of Asn293 (FRB), as well as a hydrogen bond to Gly2092,

Scheme 1. Synthesis of [4.3.1]-bicyclic sulfonamide analogs.

==~__Cl
0. N '{-"-/_ . a),b) or c).d) N Oﬁﬁ"N
2y w- - @,E\N
— J\NH 0;%_{Lif"
8 [14 from Pomplun et al.] |
el 7
-‘ Br 9a
-i=N gb

which was mediated by two water molecules (Fig. 2G). The
side chain of Lys** of FKBP12 also formed van-der-Waals
contacts with Val20%4 of the FRB domain.

The comparison with the known FKBP12-rapamycin 1-
FRB ternary complex (PDB: 1NSG)3° revealed that the
FKBP12-7 and FKBP12-rapamycin 1 binary complexes tar-
get a similar surface region on FRB. However, the specific
interactions radically differed since the orientation of the
FRB was rotated by 90° between the two ternary com-
plexes. (Fig. 2H). While the binding surface on the FRB do-
main partially matched comparing compound 7 and ra-
pamycin 1, both also formed unique interactions with parts
of the FRB-domain (Fig. 2I). Interestingly, in the FKBP12-7-
FRB complex the 80s loop of FKBP12 mimicked some of the
interactions formed by the conjugated triene moiety of ra-
pamycin 1 in the FKBP12-1-FRB complex (Fig. 2]).

The total binding interface, calculated with PISA%, be-
tween the FKBP12-7-complex and the FRB-domain is
632 A2, which was similar to the interaction surface be-
tween the FKBP12-rapamycin 1 complex and FRB (698 A2).
However, the contributions of the compounds vs FKBP12
differed substantially. While in the FKBP12-7-FRB complex,
194 A2 of the contact surface were contributed by com-
pound 7 and 428 A2 by ‘direct’ contacts of FKBP12, in the
FKBP12-1-FRB complex 395 A2 were being contributed by
rapamycin 1 and 303 A2 by FKBP12.
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Reactions and conditions: a) sulfonyl chloride, DIPEA, MeCN, rt, compound 7: 18, 48%, 9b: 16 h, 49%; b) 1-bromo-2-chlorobenzene, K2COs, Pd(dppf)Cl2*CH2Clz,
100°C, compound 7: dioxane, 40 h, 57% yield, 9b: DMF, 18 h, 25% yield; c) 1-bromo-2-chlorobenzene, K2.COz, Pd(dppf)Cl.*CH2Clz, dioxane:H.0=20:1, 100°C,
19 h, 78% yield; d) 3-bromo-5-chlorosulfonyl chloride, DIPEA, MeCN, rt, 46 h, 55% yield; e) alkyne, Pd(dppf)Cl.*CH2Clz, Cul, TMEDA, 80°C, 10c: 2,5 h, 68% yield,
10d: 3 h, 55% yield; f) TMS-alkyne, Pd(dppf)Cl2*CH2Cl2, Cul, TMEDA:DMF=1:1, 80°C, 10e: 22 h, 53%, 10f: 14,5 h, 75%; g) K2.COz, MeOH, rt, 2,5 h 94% yield.

To increase the potency of the initial hit 7, we analyzed
the structure of the ternary complex and studied the role of
the chlorine pointing into a small cavity between FKBP12
and FRB domain (Fig. 2A insert, chlorine shown as green
sphere). To explore this position, we substituted one of the
meta chlorines with small substituents like bromine, nitrile,

and acetylene (Scheme 1). This led to compounds 9a/b and
10a/b with slightly improved potencies for ternary complex
induction (Tab. 1). Gratifyingly, the extension by an addi-
tional heterocycle substantially enhanced the ternary com-
plex formation 50-500-fold. Thiophenes (10c, 10d), thiazole
(10e) and methylthiophene (10f) all induced formation of
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the ternary complex with <2uM potency in the FP-assay. All
analogs retained high affinity to purified FKBP12 alone (Kd

< 12nM) and occupied FKBP12 inside human cells with in
EC50 between 40-1400nM (Tab. 1).

Table 1. Affinity data for compound binding to purified human FKBP12, determined by a fluorescence polarization assay (FP), affinity data for the binding of the
FKBP12-compound complex towards FRB, determined by a fluorescence polarization assay (FP), and nanoBRET data for intracellular FKBP12 occupancy for R2-

substituted compounds.
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To test if the synthetic FKBP12-FRB molecular glues were
active in cells, we first performed a nanoBRET assay using
C-terminal nanoLuc-tagged FKBP12 and C-terminal Halo-
Tag-tagged FRB (Fig. 3A). Like rapamycin 1, compounds
10e and 10f dose-dependently induced the FKBP12-FRB
complex in HEK293 cells. In the same cells, compounds 10e
and 10f blocked the phosphorylation of p70 S6K, a key
downstream target of mTOR (Fig. 3B&C). This indicated
thatrecruiting FKBP12 to the FRB domain of mTOR was suf-
ficient to allosterically block mTOR kinase activity while the
orientation of FRB-bound FKBP12 seemed unimportant.

CONCLUSION

Our screening approach enabled us to identify a novel
molecular glue targeting the flat surface of the FRB-domain
of mTOR. Screening at high target protein concentrations
was crucial to identify an initially very weak hit, which
would have been difficult to detect by other approaches. Alt-
hough our approach was unbiased regarding the binding
site on FRB, the identified molecular glues target a similar
region on FRB as rapamycin 1. The surface on FRB around

Tyr2028 /Phe2039, Val2094- Thr20%, and Trp?!101-Phe?105, while
not a priori apparent, thus appeared to represent a pre-
ferred region for protein-protein contacts. Indeed, this site
has been suggested to assist in the binding of mTOR targets
such as S6K and PRAS40, as well as phosphatidic acid
(PA).#3:44 The preference for this region was not due to spe-
cific contact with FKBP12, since in the context with com-
pound 7, FKBP12 engages FRB in a completely different
manner than in context with rapamycin 1. However, for
both rapamycin 1 and compound 7, direct FKBP12-FRB
contacts were crucial in order to dramatically enhance the
affinity of the FKBP12-compound complex to FRB com-
pared to FRB-binding of the compound alone.*5 46 The sub-
stantially higher affinity of the FKBP12-rapamycin 1 com-
plex over FKBP12-7 for FRB is likely due to higher-quality
interactions.

Aided by the crystal structure we were able to improve
the affinity of our initial hit by rational design up to 500-
fold, leading to compounds 10e and 10f, which inhibit ki-
nase activity mTOR intracellularly at micromolar concen-
trations.
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Figure 3. Cellular characterization of FKBP12-FRB molecular glues. A) Compound-induced FKBP12-FRB ternary complex formation in HEK293 cells determined
by nanoBRET using C-terminal nanoLuc-tagged FKBP12 and C-terminal HaloTag-tagged FRB. B) The impact of the ternary complex resulting in inhibition of
phosphorylation of p70 S6K was determined by Western Blot compared to total p70 S6K level in HEK293T cells. C) Inhibition of p70 S6K was quantified in ImageJ
and Student’s t-test was utilized to calculate significance of inhibition level to DMSO control (**p < 0.01; *p < 0.05; ns = not significant).

Our findings have several implications for the discovery
of molecular glues. (i) Molecular glues might be less rare
than initially thought as we found one hit within a relatively
small focused library. (ii) Screening approaches with high
compound and accessory protein concentrations were nec-
essary to find such weak molecular glue hits. Biochemical
approaches seem to be most adequate as weak activity is
easier to detect. (iii) The use of a focused library targeted to
the accessory proteins (FKBP12 in our case) likely facili-
tates the identification of molecular glues substantially
since part of the recognition problem is already pre-engi-
neered. (iv) Weak initial molecular glue hits can be used as
a starting point for rational design to get more potent mo-
lecular glues. Even for weak molecular glues hits, the ter-
nary complex structure can be obtained, which facilitated
optimization substantially. (v) Shallow hydrophobic sur-
faces seem to be a preferred interaction site for molecular
glues, in line with the binding modes of rapamycin 1, FK506
2 and WBDO002 4.47 10-12 (vi) The choice of the accessory
protein is likely a key factor. FKBP12 (like Cyp18) might be
a privileged accessory protein featuring high abundance in
many tissues*® 4%, absence of negative effects by binding of

FKBP12 alone, availability of potent ligands as docking scaf-
folds, and numerous exit vectors on the latter. These fea-
tures likely contributed to the prevalence of FKBPs (and cy-
clophilins) as accessory proteins in nature and support
their use to target otherwise undruggable protein in drug
discovery.
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Additional experimental details (Figures S1-S4), ma-
terials and methods, X-ray crystallography, 1H NMR,
13C NMR, and LC-MS spectra of molecular glues.

AUTHOR INFORMATION

Corresponding Author

Felix Hausch - Institute for Organic Chemistry and Biochemis-
try, Technical University Darmstadt, Alarich-Weiss-Strafie 4,
64287 Darmstadt, Germany, Centre for Synthetic Biology,
Technical University of Darmstadt, Darmstadt, Germany; or-
cid.org/0000-0002-3710-8838; Email: felix.hausch@tu-darm-
stadt.de.

https://doi.org/10.26434/chemrxiv-2023-4vbOm ORCID: https://orcid.org/0000-0002-3710-8838 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


http://pubs.acs.org/
https://doi.org/10.26434/chemrxiv-2023-4vb0m
https://orcid.org/0000-0002-3710-8838
https://creativecommons.org/licenses/by-nc/4.0/

Present Addresses

Jirgen M. Kolos - Immundiagnostik AG, Stubenwald-Allee 83,
64625 Bensheim, Germany

Author Contributions

tR.C.EE.D. and C.M. contributed equally. Organic synthesis was
performed by R.C.E.D. and ].M.K.. Protein production, HTRF-
screening, HTRF dose response and FP-assay dose response
were performed by C.M. and W.0.S.. Photocrosslinking assay
was performed by M.L.R,, with contributions from T.H. and ter-
nary nanoBRET assay was performed by M.L.R. with contribu-
tions from S.K.. Crystallization was performed by C.M. FKBP12
nanoBRET was performed by T.M.G.. p70S6K assay was per-
formed by S.C.S.. F.H. conceived and supervised the project. The
manuscript was written through contributions of all authors.
All authors have given approval to the final version of the man-
uscript.

ACKNOWLEDGMENT

We acknowledge funding by the iGLUE project of the
PROXIDRUGS consortium (03ZU1109EB) and by the DFG
(HA5556) to FH. The synchrotron data was collected at beam-
line operated by EMBL Hamburg at the PETRA III storage ring
(DESY, Hamburg, Germany).5° We would like to thank David
von Stetten for the assistance using the beamline.

REFERENCES

References

(1) Schreiber, S. L. The Rise of Molecular Glues. Cell 2021, 184;
3-9.

(2) Geiger, T. M.; Schéfer, S. C.; Dreizler, ]. K.; Walz, M.; Hausch, F.
Clues to molecular glues. Curr. Res. Chem. Biol. 2022, 2; 100018.

(3) Rui, H.; Ashton, K. S.; Min, J.; Wang, C.; Potts, P. R. Protein-
protein interfaces in molecular glue-induced ternary complexes:
classification, characterization, and prediction. RSC Chem. Biol
2023, 4, 192-215.

(4) Kozicka, Z.; Thoma, N. H. Haven’t got a glue: Protein surface
variation for the design of molecular glue degraders. Cell Chem.
Biol. 2021, 28; 1032-1047.

(5) Sasso, J. M.; Tenchov, R.; Wang, D.; Johnson, L. S.; Wang, X,;
Zhou, Q. A. Molecular Glues: The Adhesive Connecting Targeted
Protein Degradation to the Clinic. Biochemistry 2023, 62; 601-623.

(6) Liy, S.; Tong, B.; Mason, ]. W.; Ostrem, ]. M.; Tutter, A.; Hua, B.
K, Tang, S. A.; Bonazzi, S.; Briner, K.; Berst, F.; Zécri, F.].; Schreiber,
S. L. Rational screening for cooperativity in small-molecule induc-
ers of protein-protein associations. Bioarxiv 2022, DOLI:
10.1101/2023.05.22.541439.

(7) Mahalati, K.; Kahan, B. D. Clinical pharmacokinetics of siroli-
mus. Clin. Pharmacokinet. 2001, 40; 573-585.

(8) Schreiber, S. L. Chemistry and biology of the immunophilins
and their immunosuppressive ligands. Science 1991, 251; 283-
287.

(9) Suthanthiran, M.; Morris, R. E.; Strom, T. B. Inmunosuppres-
sants: cellular and molecular mechanisms of action. Am. J. Kidney
Dis. 1996, 28; 159-172.

(10) Gaali, S.; Gopalakrishnan, R.; Wang, Y.; Kozany, C.; Hausch,
F. The chemical biology of immunophilin ligands. Curr. Med. Chem.
2011, 18, 5355-5379.

(11) Liy, J.; Farmer, J. D.; Lane, W. S.; Friedman, |.; Weissman, [.;
Schreiber, S. L. Calcineurin is a common target of cyclophilin-cyclo-
sporin A and FKBP-FK506 complexes. Cell 1991, 66; 807-815.

(12) Schreiber, S. L. Immunophilin-sensitive protein phospha-
tase action in cell signaling pathways. Cell 1992, 70; 365-368.

(13) Brown, E. ].; Albers, M. W.; Shin, T. B.; Ichikawa, K.; Keith, C.
T.; Lane, W. S.; Schreiber, S. L. A mammalian protein targeted by

Gl-arresting rapamycin-receptor complex. Nature 1994, 369;
756-758.

(14) Shigdel, U.K;; Lee, S.-].; Sowa, M. E.; Bowman, B. R.; Robison,
K.; Zhou, M,; Pua, K. H,; Stiles, D. T.; Blodgett, ]. A. V.; Udwary, D. W.;
Rajczewski, A. T.; Mann, A. S.; Mostafavi, S.; Hardy, T.; Arya, S
Weng, Z.; Stewart, M.; Kenyon, K,; Morgenstern, J. P.; Pan, E.; Gray,
D. C; Pollock, R. M,; Fry, A. M,; Klausner, R. D.; Townson, S. A,; Ver-
dine, G. L. Genomic discovery of an evolutionarily programmed mo-
dality for small-molecule targeting of an intractable protein sur-
face. Proc. Natl. Acad. Sci. U. S. A. 2020, 117; 17195-17203.

(15) Chang, C.-F.; Flaxman, H. A,; Woo, C. M. Enantioselective
Synthesis and Biological Evaluation of Sanglifehrin A and B and An-
alogs. Angew. Chem., Int. Ed. 2021, 60; 17045-17052.

(16) Pua, K. H;; Stiles, D. T.; Sowa, M. E,; Verdine, G. L. IMPDH2 Is
an Intracellular Target of the Cyclophilin A and Sanglifehrin A Com-
plex. Cell Rep. 2017, 18; 432-442.

(17) Fehr, T.; Sanglier, ]. J.; Schuler, W.; Gschwind, L.; Ponelle, M.;
Schilling, W.; Wioland, C. Antascomicins A, B, C, D and E. Novel
FKBP12 binding compounds from a Micromonospora strain. J. An-
tibiot. 1996, 49; 230-233.

(18) Salituro, G. M,; Zink, D. L.; Dahl, A; Nielsen, ].; Wy, E.; Huang,
L.; Kastner, C,; Dumont, F. ]. Meridamycin: A novel nonimmunosup-
pressive FKBP12 ligand from streptomyces hygroscopicus. Tetra-
hedron Lett. 1995, 36; 997-1000.

(19) Summers, M. Y.; Leighton, M.; Liu, D.; Pong, K; Graziani, E. I.
3-normeridamycin: a potent non-immunosuppressive immuno-
philin ligand is neuroprotective in dopaminergic neurons. J. Anti-
biot. 2006, 59; 184-189.

(20) Guo, Z; Hong, S. Y.; Wang, ].; Rehan, S.; Liu, W.; Peng, H.; Das,
M.; Li, W.; Bhat, S.; Peiffer, B.; Ullman, B. R.; Tse, C.-M.; Tarmakova,
Z.; Schiene-Fischer, C.; Fischer, G.; Coe, I.; Paavilainen, V. O.; Sun, Z.;
Liy, ]. 0. Rapamycin-inspired macrocycles with new target specific-
ity. Nat. Chem. 2019, 11; 254-263.

(21) Guo, Z.; Cheng, Z.; Wang, |.; Liu, W,; Peng, H.; Wang, Y.; Rao,
A. V.S, Li, R-],; Ying, X.; Korangath, P.; Liberti, M. V; Li, Y.; Xie, Y.;
Hong, S.Y.; Schiene-Fischer, C,; Fischer, G.; Locasale, ]. W.; Sukumar,
S.; Zhu, H; Liu, J. O. Discovery of a Potent GLUT Inhibitor from a
Library of Rapafucins by Using 3D Microarrays. Angew. Chem., Int.
Ed 2019, 58; 17158-17162.

(22) Park, H.; Kam, T.-L,; Peng, H.; Chou, S.-C.; Mehrabani-Tabari,
A. A; Song, ].-]; Yin, X.; Karuppagounder, S. S.; Umanah, G. K; Rao,
A.V.S,; Choi, Y.; Aggarwal, A.; Chang, S.; Kim, H.; Byun, |.; Liu, ]. O,;
Dawson, T. M.; Dawson, V. L. PAAN/MIF nuclease inhibition pre-
vents neurodegeneration in Parkinson’s disease. Cell 2022, 185;
1943-1959.e21.

(23) unknown author.
https://drughunter.com/molecule /rmc-6291/.

(24) Bauder, M.; Meyners, C.; Purder, P. L.; Merz, S.; Sugiarto, W.
0, Voll, A. M.; Heymann, T.; Hausch, F. Structure-Based Design of
High-Affinity Macrocyclic FKBP51 Inhibitors. J. Med. Chem. 2021,
64; 3320-3349.

(25) Bischoff, M.; Mayer, P.; Meyners, C.; Hausch, F. Enantiose-
lective Synthesis of a Tricyclic, sp3 -Rich Diazatetradecanedione:
an Amino Acid-Based Natural Product-Like Scaffold. Chem. - Eur. J.
2020, 26; 4677-4681.

(26) Bischoff, M.; Sippel, C.; Bracher, A.; Hausch, F. Stereoselec-
tive construction of the 5-hydroxy diazabicyclo4.3.1decane-2-one
scaffold, a privileged motif for FK506-binding proteins. Org. Lett.
2014, 16; 5254-5257.

(27) Feng, X;; Sippel, C.; Bracher, A.; Hausch, F. Structure-Affinity
Relationship Analysis of Selective FKBP51 Ligands. J. Med. Chem.
2015, 58; 7796-7806.

(28) Feng, X.; Sippel, C.; Knaup, F. H.; Bracher, A.; Staibano, S.;
Romano, M. F.; Hausch, F. A Novel Decalin-Based Bicyclic Scaffold
for FKBP51-Selective Ligands. J. Med. Chem. 2020, 63; 231-240.

(29) Gaali, S; Feng, X,; Hahle, A; Sippel, C.; Bracher, A.; Hausch,
F. Rapid, Structure-Based Exploration of Pipecolic Acid Amides as
Novel Selective Antagonists of the FK506-Binding Protein 51. J.
Med. Chem. 2016, 59; 2410-2422.

RMC-6291.

https://doi.org/10.26434/chemrxiv-2023-4vbOm ORCID: https://orcid.org/0000-0002-3710-8838 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://drughunter.com/molecule/rmc-6291/
https://doi.org/10.26434/chemrxiv-2023-4vb0m
https://orcid.org/0000-0002-3710-8838
https://creativecommons.org/licenses/by-nc/4.0/

(30) Gaali, S; Kirschner, A.; Cuboni, S.; Hartmann, J.; Kozany, C.;
Balsevich, G.; Namendorf, C.; Fernandez-Vizarra, P.; Sippel, C.; Zan-
nas, A. S.; Draenert, R.; Binder, E. B.; Almeida, O. F. X,; Riihter, G.;
Uhr, M.; Schmidt, M. V.; Touma, C.; Bracher, A.; Hausch, F. Selective
inhibitors of the FK506-binding protein 51 by induced fit. Nat.
Chem. Biol. 2015, 11; 33-37.

(31) Gopalakrishnan, R.; Kozany, C,; Gaali, S.; Kress, C.; Hoo-
geland, B.; Bracher, A,; Hausch, F. Evaluation of synthetic FK506 an-
alogues as ligands for the FK506-binding proteins 51 and 52. J. Med.
Chem. 2012, 55; 4114-4122.

(32) Gopalakrishnan, R.; Kozany, C.; Wang, Y.; Schneider, S.; Hoo-
geland, B.; Bracher, A.; Hausch, F. Exploration of pipecolate sulfon-
amides as binders of the FK506-binding proteins 51 and 52. J. Med.
Chem. 2012, 55; 4123-4131.

(33) Kolos, J. M.; Pomplun, S.; Jung, S.; Rief3, B.; Purder, P. L.; Voll,
A.M.; Merz, S.; Gnatzy, M.; Geiger, T. M.; Quist-Lgkken, I.; Jatzlau, J.;
Knaus, P.; Holien, T.; Bracher, A.; Meyners, C; Czodrowski, P.;
Krewald, V.; Hausch, F. Picomolar FKBP inhibitors enabled by a sin-
gle water-displacing methyl group in bicyclic 4.3.1 aza-amides.
Chem. Sci. 2021, 12; 14758-14765.

(34) Pomplun, S; Sippel, C.; Hahle, A,; Tay, D.; Shima, K.; Klages,
A; Unal, C. M; RieR, B,; Toh, H. T.; Hansen, G.; Yoon, H. S.; Bracher,
A,; Preiser, P.; Rupp, ].; Steinert, M.; Hausch, F. Chemogenomic Pro-
filing of Human and Microbial FK506-Binding Proteins. J. Med.
Chem. 2018, 61, 3660-3673.

(35) Pomplun, S.; Wang, Y.; Kirschner, A.; Kozany, C; Bracher, A,;
Hausch, F. Rational design and asymmetric synthesis of potent and
neurotrophic ligands for FK506-binding proteins (FKBPs). Angew.
Chem., Int. Ed. 2015, 54; 345-348.

(36) Voll, A. M.; Meyners, C.; Taubert, M. C.; Bajaj, T.; Heymann,
T.; Merz, S.; Charalampidou, A.; Kolos, ].; Purder, P. L.; Geiger, T. M,;
Wessig, P.; Gassen, N. C.; Bracher, A, Hausch, F. Macrocyclic
FKBP51 Ligands Define a Transient Binding Mode with Enhanced
Selectivity. Angew. Chem., Int. Ed. 2021, 60; 13257-13263.

(37) Wang, Y.; Kirschner, A.; Fabian, A.-K.; Gopalakrishnan, R;
Kress, C.; Hoogeland, B.; Koch, U.; Kozany, C.; Bracher, A.; Hausch,
F.Increasing the efficiency of ligands for FK506-binding protein 51
by conformational control. J. Med. Chem. 2013, 56, 3922-3935.

(38) Kolos, J. M. Synthesis of tailor-made bicyclic [4.3.1] aza-am-
ides. PhD thesis. Technical University Darmstadt: Darmstadt (GER)
2021.

(39) Liang, J.; Choi, J.; Clardy, ]. Refined structure of the FKBP12-
rapamycin-FRB ternary complex at 2.2 A resolution. Acta Crystal-
logr. D 1999, 55; 736-744.

(40) Krissinel, E.; Henrick, K. Inference of macromolecular as-
semblies from crystalline state. J. Mol. Biol. 2007, 372; 774-797.

(41) Kozany, C.; Mérz, A,; Kress, C.; Hausch, F. Fluorescent
probes to characterise FK506-binding proteins. Chembiochem
2009, 10; 1402-1410.

(42) Gnatzy, M. T.; Geiger, T. M.; Kuehn, A.; Gutfreund, N.; Walz,
M.; Kolos, ]. M.; Hausch, F. Development of NanoBRET-Binding As-
says for FKBP-Ligand Profiling in Living Cells. Chembiochem 2021,
22; 2257-2261.

(43) Frias, M. A,; Hatipoglu, A; Foster, D. A. Regulation of mTOR
by phosphatidic acid. Trends Endocrinol. Metab. 2023, 34; 170-
180.

(44) Yang, H,; Jiang, X,; Li, B.; Yang, H. ].; Miller, M.; Yang, A.; Dhar,
A,; Pavletich, N. P. Mechanisms of mTORC1 activation by RHEB and
inhibition by PRAS40. Nature 2017, 552; 368-373.

(45) Banaszynski, L. A; Liu, C. W.; Wandless, T. ]. Characteriza-
tion of the FKBP.rapamycin.FRB ternary complex. J. Am. Chem. Soc.
2005,127; 4715-4721.

(46) Marz, A. M,; Fabian, A.-K.; Kozany, C.; Bracher, A.; Hausch, F.
Large FK506-binding proteins shape the pharmacology of rapamy-
cin. Mol. Cell. Biol. 2013, 33; 1357-1367.

(47) Comment: The only reported rapamycin mimic with a non-
FKBP-targeted scaffold is WRX606, identified by in silico screening
(R. Shams, A. Matsukawa, Y. Ochi, Y. Ito, H. Miyatake, ]. med. chem.
2022, 65, 1329). However, we did not observe FKBP12 binding or
FKBP12-FRB dimerization in our biochemical assays for this com-
pound (see supplement fig. S4).

(48) Marinec, P. S; Chen, L; Barr, K. J.; Mutz, M. W.; Crabtree, G.
R.; Gestwicki, ]. E. FK506-binding protein (FKBP) partitions a mod-
ified HIV protease inhibitor into blood cells and prolongs its life-
time in vivo. Proc. Natl. Acad. Sci. U. S. A. 2009, 106; 1336-1341.

(49) Marinec, P. S; Lancia, |. K,; Gestwicki, ]. E. Bifunctional mol-
ecules evade cytochrome P(450) metabolism by forming protec-
tive complexes with FK506-binding protein. Mol. BioSyst. 2008, 4,
571-578.

(50) Cianci, M.; Bourenkov, G.; Pompidor, G.; Karpics, L; Kallio, |.;
Bento, I.; Roessle, M.; Cipriani, F.; Fiedler, S.; Schneider, T. R. P13,
the EMBL macromolecular crystallography beamline at the low-
emittance PETRA III ring for high- and low-energy phasing with
variable beam focusing. J. Synchrotron Radiat. 2017, 24; 323-332.

https://doi.org/10.26434/chemrxiv-2023-4vbOm ORCID: https://orcid.org/0000-0002-3710-8838 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-4vb0m
https://orcid.org/0000-0002-3710-8838
https://creativecommons.org/licenses/by-nc/4.0/

Graphic entry for the Table of Contents (TOC)

" Focused
< Compound

Undruggable Protein

Molecular Glue
Inhibitor

https://doi.org/10.26434/chemrxiv-2023-4vbOm ORCID: https://orcid.org/0000-0002-3710-8838 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-4vb0m
https://orcid.org/0000-0002-3710-8838
https://creativecommons.org/licenses/by-nc/4.0/

