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What is molecule glue?
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Protein-protein interactions enable
binding to endogenous substrates

Receptor blocker
Protein degrader

+ molecular glue

Altered molecular surface
enables binding of neo-substrates
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« Effective treatment for Multiple myeloma;
« Molecular target: CRBN, substrate receptor of the cullin-RING E3 ubiquitin ligase CUL4A/B—RBX1-DDB1-
CRBN (CRL4cren)12

* Novel PPl with CK1a
« CUL4-Rbx1-DDB1-CRBN E3 ubiquitin ligase complex

USZ 5oz Essays in Biochemistry 61(5):505-516



Overview of degrader-induced interfaces
DDB1-CRBN-pomalidomide-SALL4ZF2 complex
(PDB: 6UML) (Matyskiela et al., 2020a).
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USZ oiszca DDB1.-DDA1-DCAF15'E7820'RBM39 complex DDB1-CR8-CDK12-cyclin K complex (PDB: 6TD3)
(PDB: 6PAI) (Du et al., 2019). (S1abicki of al., 20208).



Article

The CDK inhibitor CRS8 acts as amolecular
glue degrader thatdepletescyclinK

https://doi.org/10.1038/s41586-020-2374-x  Mikotaj Stabicki**'"®, Zuzanna Kozicka**", Georg Petzold**, Yen-Der Li"?5,

Manisha Manojkumar*??, Richard D. Bunker*', Katherine A. Donovan®, Quinlan L. Sievers'?,
Jonas Koeppel'?3, Dakota Suchyta*®, Adam S. Sperling"?, Emma C. Fink"?, Jessica A. Gasser'?,
Accepted: 29 April 2020 Li R. Wang', Steven M. Corsello'?, Rob S. Sellar'?®, Max Jan'?, Dennis Gillingham?®,

Claudia Scholl', Stefan Fréhling®", Todd R. Golub™?*, Eric S. Fischer™®, Nicolas H. Thoma*=
& Benjamin L. Ebert"*B¥™

Received: 9 November 2019

Published online: 3 June 2020

Article

Small-molecule-induced polymerization
triggers degradation of BCL6

https://doi.org/10.1038/s41586-020-2925-1 Mikotaj Stabicki'**'°, Hojong Yoon**'°, Jonas Koeppel'?*'°, Lena Nitsch'??,

. Shourya S. Roy Burman®®, Cristina Di Genua'?, Katherine A. Donovan*®, Adam S. Sperling'?,
Received: 9 November 2019 Moritz Hunkeler*®, Jonathan M. Tsai', Rohan Sharma?, Andrew Guirguis'?, Charles Zou?,
Accepted: 3 September 2020 Priya Chudasama®, Jessica A. Gasser'?, Peter G. Miller'?, Claudia Scholl’, Stefan Fréhling®?,
Radostaw P. Nowak*®, Eric S. Fischer**™ & Benjamin L. Ebert"2°=

Published online: 18 November 2020

U s Universitats
Spital Zirich



Article

The CDK inhibitor CR8 acts as a molecular
glue degraderthatdepletescyclinK

https://doi.org/10.1038/s41586-020-2374-x  Mikotaj Stabicki'***®, Zuzanna Kozicka**'®, Georg Petzold**®, Yen-Der Li'?¢,

Manisha Manojkumar'*3, Richard D. Bunker*', Katherine A. Donovan’®, Quinlan L. Sievers'?,
Jonas Koeppel'?3, Dakota Suchyta*®, Adam S. Sperling'?, Emma C. Fink'?, Jessica A. Gasser'?,
Accepted: 29 April 2020 Li R. Wang', Steven M. Corsello'?, Rob S. Sellar'?®, Max Jan'?, Dennis Gillingham®,

Claudia Scholl™®, Stefan Frohling®", Todd R. Golub"'?*®, Eric S. Fischer”®, Nicolas H. Thoma*=
& Benjamin L. Ebert"??*=

Received: 9 November 2019

Published online: 3 June 2020

U s Universitats
Spital Zirich



Cyclin K

« Cyclin-K is a protein that in humans is encoded by the CCNK gene and a member of the transcription
cyclin family.

* These cyclins may regulate transcription through their association with and activation of cyclin-dependent
kinases (CDKs) through conformational changes.

» Interaction with multiple CDKs including CDK9 and latest CDK12 and CDK13, HIV nef protein.

» Indispensable for Leukemia growth.
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https://en.wikipedia.org/wiki/Cyclin-dependent_kinase

Screen for small molecules that mediate protein degradation through an
E3 ubiquitin ligase

Bioinformatic screen
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The ubiquitin-proteasome system
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Ubiquitin ligases provide the substrate specificity for ubiquitination (ubiquitylation) reactions.
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https://link.springer.com/journal/12640

cullin-RING finger ligases (CRLSs)
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D CUL3 CRL complex

BTB protein
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Multisubunit complexes:

A cullin,

A RING finger protein,

A substrate-recognition subunit
(SRS), an adaptor subunit that
links the SRS to the complex.

Cell Div. 2008; 3: 7


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC2266742/

CUL4-DDB1 Ubiquitin Ligase

 CULA4A ----arigid scaffold
* N-terminal ----DDB1-BPB
* C-terminal ----Rbx1 and the E2 ubiquitin-conjugating enzyme.

« The DDB1-BPA and DDB1-BPC double propeller folds into a clam-shaped
structure that binds DCAFs and regulators of the CUL4 CRL.

BPB: 3 propeller B
DCAFs: DDB1-CUL4-associated factors

USZ nisssss Jennifer Lee, 2007



Quantitative proteome-wide mass spectrometry

Decrease upon CR8 treatment
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Cyclin K was the only protein that
consistently showed a decrease in
abundance after addition of CR8
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CRS8 did not alter the levels of
cyclin K mRNA

DMSO CR8
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Rescued by inhibition of the E1 ubiquitin-activating
enzyme (MLN7243), inhibition of cullin neddylation
(MLN4924) and inhibition of the proteasome (MG132)
CR8 triggers rapid proteasomal degradation of cyclin K
through the activity of a DDB1-containing cullin-RING
ubiquitin ligase.



Dissection of the molecular machinery

Resistance to CR8
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DDB1, CUL4B, RBX1, the cullin-RING activator NEDD8
and the NEDD8-activating enzyme (NAE1 and UBA3) were

substantially enriched in the CR8-resistant cell population.
CUL4-RBX1-DDB1ubiquitin ligase complex is involved in
CR8 cytotoxicity.
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No substrate receptors like DCAFs were identified

DCAFs: DDB1-CUL4-associated factors
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CCNK eGFP 3=} mCherry

Reporter of cyclin K stability

The extent of degradation can be determined by measuring the levels
of cyclin KeGFP normalized to mCherry expression



CRISPR—-Cas9 screen for genes involved in cyclin K reporter stability

« Genome-wide CRISPR—-Cas9 screen for genes involved

Prevents CR8-induced in cyclin K reporter stability and validated the involvement
cyclin K degradation of DDB1 in CR8-mediated, but not CR8-independent,
otups degradation of cyclin K.

6. AKIINZ ppgy
= ppxe® PSMA6 - CDK12—a known target of CR8 that depends on the
‘_3 4l ®cok12 interaction with cyclin K for its activity—as a crucial
Q component for CR8-induced destabilization of cyclin
> KeGFP. i
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CR8-bound CDK12 binds DDB1 in a DCAF-like manner

Strep IP In vitro ubiquitination
CDK12—cyclinK - + + + +  CUL4, g RBX1-DDB1 - + + + + +
DDB1 + + - = COK12—cyclin K + + + + + +
DDB1(ABPB) - - - + + CR8 + + + + + -
CR8 + - + - + E2-Ub + + + + + +
DMSO - + - + - Time (min)30 0 5 153030
o - -DDB1 - -
w -DDB1(ABPB) Ubiquitinated
cyclin K
— o e -CDK12 -——
_____ Strep—cyclin K *-—.— Cyclin K
Coomassie gel Western blot

CDK12 bound to cyclin K did not markedly enrich DDB1 over the CUL4A-RBX1-DDB1 ligase core alone is
bead-binding control in the absence of CR8, whereas equimolar sufficient to drive robust ubiquitination of
amounts of CR8 led to stoichiometric complex formation. cyclin K.
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Crystal structure of DDB1-CR8-CDK12-cyclin K

« CDK12 forms extensive protein—protein interactions
with DDB1.
AL « CRa8 binds the active site of CDK12 and bridges the
Y | Qe CDK12-DDB1 interface, whereas cyclin K binds
“J D : CDK12 on the opposite side and does not contact
DDB1.
» The N-terminal and C-terminal lobes of CDK12 are
proximal to DDB1 residues located in a loop of the
(amino acids 111-114),
(amino acids 986—990) and a loop in the
(amino acids 1078-1081), which are
otherwise involved in DCAFs binding.

CDK12
C-terminal lobe
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Crystal structure model of lenalidomide and CR8
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Ubiquitin transfer
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Chemical structures of CDK inhibitors
DDB1-CR8-CDK12 interface
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A surface-exposed 2-pyridyl moiety of CR8 confers glue degrader activity

Usz Universitdats
Spital Zirich



= CR8

Other CDK inhibitors showed lower affinity than CR8

Compound  K_ . [uM]
T DRFO53 CR8 0.510.03
B X Roscovitine DRF053 0.98+0.12
I-'_-' L. Roscovitine 1.44+0.18
v
i Flavopiridol Flavopiridol  1.53+0.17
= 4 DMSO DMSO n.d.
o THZ531 THZ531 n.d.
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CR8 phenylpyridine confers glue activity
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Western blot
« Ubiquitination assay and cyclin KeGFP reporter in cells confiamation.

« The presence and correct orientation of the 2-pyridyl moiety on the surface of CDK12 confer the gain-of-function activity
of CR8 that leads to cyclin K degradation.
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Summary

« A bioinformatics screen for compounds whose cytotoxicity correlates with ligase mRNA levels across different cell lines

pointed to CR8, a preclinical cyclin-dependent kinase (CDK) inhibitor, as a possible degrader. CR8 induces proteasomal
cyclin K degradation.

« The compound was found to be a novel type of a molecular glue degrader that binds the heterodimeric target complex
CDK12-cyclin K and recruits the DDB1-CUL4-RBX1 E3 ligase core to ubiquitinate cyclin K.

« Through structural elucidation, CR8 was shown to bind the active site of CDK12, with a phenylpyridine moiety extending
out of the pocket and into the interface, making contacts with several DDB1 residues

« Recruitment of a traditionally undruggable neosubstrate (cyclin K) to the ligase via a ligandable protein partner (CDK12)
is a viable strategy.
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BCL6: B-cell lymphoma 6 protein

« Pathologically increased expression of BCL6 (somatic BCL6
translocation, exonic mutation, promoter mutation or mutations
in regulatory pathways) is a common driver of B cell
malignancies.

* Overexpression of BCL6 is sufficient to drive lymphoma
development.

« BCL6 acts as a master transcriptional repressor that enables
the rapid expansion of germinal centre B cells and tolerance to
the genomic instability that is caused by hypermutation of the
immunoglobulin genes and class-switch recombination.

« BCLG6 represses a broad range of genes involved in the DNA
damage response18, cell cycle checkpoints19 and
differentiation.

* knockout of BCL6 in lymphoma cells results in tumour stasis.
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Screens for novel BCL6 inhibitors—>BI-3802
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BI1-3802 binds to the BCL6 BTB domain that mediates
the homodimerization of BCL6 and its interactions with
co-repressor proteins.

Treatment with BI-3802 induces rapid ubiquitination and
degradation of BCLG.

The effects of BI-3802 are comparable to those that
result from a genetic knockout and are more
pronounced than those induced by non-degrading BCL6
inhibitors (such as BI-3812) or by heterobifunctional
BCL6 degraders.



Bl-3802 induces specific degradation of BCL6

------------- ) T K * Quantitative-mass-spectrometry based proteomics
11.5-fold decrease % « SuDHL4 cells (a DLBCL-derived cell line)
] $ " " « Treatment with BI-3802 for 4 hours
: « BCL6 was the only protein with significantly
~2 1 : decreased abundance
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BI-3802 induces specific degradation of BCL6
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Treatment with the structurally
BI-3802 did not alter the similar BCL6 inhibitor BI-3812 did
expression of BCL6 mRNA not alter the abundance of any

protein
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BI-3802 induces specific degradation of BCL6
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To identify the critical region of BCL6 that mediates drug-

induced degradation.

Treatment with BI-3802 led to the degradation of eGFP—

BCLG.

Whereas treatment with BI-3812 did not alter the stability

of the reporter.
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MG132: 26S proteasome inhibitor;
MLN7243: ubiquitin-activating enzyme UBA1
inhibitor;

MLN4924: the neddylation pathway inhibiyor
which is required for activity of the

family of E3 ubiquitin ligases

BI-3802 induced degradation via non-cullin E3 ubiquitin ligase!

Usz Universitdats
Spital Zirich



BI-3802 induces specific degradation of BCL6

BCL6 stability
(BI-3802/DMSO)

Bl-3802- Zinc
0 0.5 1.0 pinding fingers
: v
Full-length 1 o S § BTB
1-517- 0 . BTB
1-360+ e BTB « Stepwise C-terminal truncations.
: » First 275 amino acids, which include the drug-binding
1-2757 P . BIB BTB domain, are sufficient for BI-3802-mediated
: degradation.
1-250- 5 BTB
1-129- 6 BTB

BCLG6 stability calculated as eGFP-BCL6/mCherry

USZ Ui Region of 275 AA within BCLG6 is sufficient for drug-dependent degradation.



Bl-3802 induces the polymerization of BCL6

W DMSO

? Dm: | E::ggég » During purification of the BCL6 recombinant protein, the presence of Bl-

8 so0- 3802—but not BI-3812—Iled to species of BCL6 of a higher molecular

g weight than was observed without drug treatment.

E 2001

S T o8 o8 » Hypothesis: BCL6 forms regular higher-order structures upon binding to
Column volume BI-3802.
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Bl-3802 induces the polymerization of BCL6

DMSO BI-3802

In the absence of BI-3802, BCL6 is present as monodisperse

particles.
After incubation of BCL6 with BI-3802, the formation of regular
structures with a sinusoidal shape appeared.

Negative-stain electron microscopy

Consistent with the modelling and negative-stain data, the cryo-EM
micrographs showed well-dispersed helical filaments.

Cryo-electron microscopy
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Cryo-EM model of the BCL6 BTB filament with BI-3802

Each BCL6 dimer is labelled in a distinct color.

Bl-3802 binds at a groove between BCL6 dimers,
directly in contact with Tyr58 of BTBa and facilitates
higher-order assembly through hydrophobic interactions
of the compound with Cys84 on an adjacent BCL6 dimer.
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SIAH1 degrades polymerized BCL6

« Two complementary, genome-scale CRISPR—-Cas9
genetic screens to interrogate the mechanism of
drug-induced BCL6 degradation.

* Flow-cytometry-based BCLG6 reporter screen in
HEK293T cells.

* BI-3802 resistance screen in SuDHL4 cells.

Usz Universitdats
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Machinery of SIAH1

Symbol

PHYL
OBF-1

The SIAH1 E3 ligase recognizes a VxP present in residues 249-251 of SIP

BCLG.
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Peptide alone is sufficient for SIAH1 interaction

BCL6(241-260)-SIAH1(SBD) BCL6(5-360)-SIAH1(SBD)
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Summary

* Binding of BI-3802 to the BTB domain of BCLG triggers the higher-order assembly of BCL6 into filaments.

« Polymerization promotes the ubiquitination of BCL6 by SIAH1, an E3 ligase that recognizes a VxP motif distal to the drug-
binding site, and proteasomal degradation.

« These findings represent a novel mechanism of targeted protein degradation, in which a small molecule inactivates a
target protein through specific drug-induced polymerization and subsequent degradation.

 CRISPR based screening for small molecule glues could be promising in
therapeutic applications.
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Thanks for your attention!
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