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Abstract 

Molecular glue degraders are small, drug-like compounds that induce interactions between an E3 ubiquitin 

ligase and a target, leading to target ubiquitination and subsequent degradation by the proteasome. Unlike 

traditional enzyme inhibitors, degraders can act sub-stoichiometrically to catalyse the rapid depletion of 

previously inaccessible targets. Despite the clinical success of this modality, only two molecular glue degrader 

classes, thalidomide analogues and aryl sulphonamides, have been well-described thus far and molecular glue 

discovery remains largely serendipitous. Hence, novel molecular glue degrader examples, as well as methods 

for their prospective discovery and rational design are highly sought-after. 

In this work, a systematic search for molecular glue degraders was performed through bioinformatic 

mining of drug cytotoxicity data for correlations with E3 ligase component expression levels across hundreds 

of human cancer cell lines. This led to the identification of CR8, a preclinical cyclin-dependent kinase (CDK) 

inhibitor, as a molecular glue degrader of cyclin K. CR8 was found to facilitate the formation of a complex 

between CDK12–cyclin K and the CUL4 adaptor protein DDB1, thereby bypassing a canonical substrate 

receptor and directly presenting cyclin K for ubiquitination and degradation. A solvent-exposed pyridyl moiety 

of the compound, one that is absent in related inhibitors, protrudes from the kinase pocket and engages DDB1, 

which suggests more broadly that chemical modification of surface-exposed moieties can confer 

gain-of-function glue properties to an inhibitor. Notably, several structurally distinct cyclin K degraders were 

reported shortly after, including the dCeMM2-4 compounds, whose discovery through differential compound 

toxicity profiling in hyponeddylated and wild-type cellular models is described herein.  

To examine this unexpected chemical diversity, the cyclin K degrader structure-activity relationship 

(SAR) was further investigated through the evaluation of over 90 putative degraders, including novel scaffolds 

and published inhibitors. The crystallographic dissection of 29 ternary complexes revealed that cyclin K 

degraders share a common mechanism, whereby kinase-binding scaffolds acquire gain-of-function properties 

through the engagement of interfacial DDB1 residues. This work demonstrated that degrader SAR differs 

considerably from that of inhibitors, offering conceptual learnings about compound-induced interfaces 

applicable to other molecular glue degrader classes. The cellular evaluation of cyclin K degrader activity 

identified compounds more potent than CR8, and established that cyclin K degradation versus CDK12 inhibition 

give rise to distinct transcriptional signatures. These findings therefore not only define a novel, diverse class of 

molecular glue degraders but also yield next-generation, interface-leveraging scaffolds for the selective 

inactivation of the emerging therapeutic targets CDK12 and cyclin K.   

  



 4 

Table of Contents 

ABSTRACT ........................................................................................................................................................ 3 

TABLE OF CONTENTS ................................................................................................................................... 4 

DISSERTATION OUTLINE ........................................................................................................................... 10 

CHAPTER 1 : INTRODUCTION .................................................................................................................. 12 

1.1 TARGETED PROTEIN DEGRADATION ............................................................................................................... 12 
1.1.1 THE UBIQUITIN PROTEASOME SYSTEM ........................................................................................................................................... 12 
1.1.2 CULLIN-RING LIGASES ................................................................................................................................................................ 14 
1.1.3 CRL4 CLADE ................................................................................................................................................................................ 15 
1.1.4 THERAPEUTIC TARGETING OF THE UBIQUITIN-PROTEASOME SYSTEM ............................................................................................. 18 
1.1.5 HIJACKING OF THE UBIQUITIN-PROTEASOME SYSTEM .................................................................................................................... 20 
1.1.6 CHEMICAL INDUCERS OF PROXIMITY ............................................................................................................................................. 20 
1.1.7 PLANT HORMONES AS INDUCERS OF PROTEIN DEGRADATION ......................................................................................................... 22 
1.1.8 INDUCIBLE DEGRADATION AND BIFUNCTIONAL DEGRADERS ......................................................................................................... 23 
1.1.9 MOLECULAR GLUE DEGRADERS .................................................................................................................................................... 25 
1.1.10 MOLECULAR GLUES FOR CRL4CRBN ............................................................................................................................................. 26 
1.1.11 MOLECULAR GLUES FOR CRL4DCAF15 .......................................................................................................................................... 32 
1.1.12 BCL6 DEGRADERS ....................................................................................................................................................................... 33 
1.1.13 OTHER MOLECULAR GLUE DEGRADERS ......................................................................................................................................... 34 
1.2 CYCLIN-DEPENDENT KINASES ......................................................................................................................... 35 
1.2.1 THE CDK FAMILY ........................................................................................................................................................................ 35 
1.2.2 THE ROLES OF CDK12/13-CYCLIN K ............................................................................................................................................ 38 
1.2.3 CDK12-CYCLIN K AS A BIOMARKER AND THERAPEUTIC TARGET .................................................................................................. 39 
1.2.4 STRUCTURAL INSIGHTS INTO CDK12/13-CYCLIN K ...................................................................................................................... 41 
1.2.5 THERAPEUTIC TARGETING OF CDK12/13-CYCLIN K ..................................................................................................................... 44 
1.2.6 COVALENT INHIBITORS ................................................................................................................................................................. 46 
1.2.7 ATP-COMPETITIVE INHIBITORS ..................................................................................................................................................... 47 
1.2.8 PROTACS ................................................................................................................................................................................... 50 
1.2.9 SYNTHETIC LETHALITY AND COMBINATION TREATMENTS ............................................................................................................. 51 
1.3 AIMS OF THE THESIS ........................................................................................................................................ 54 

 

CHAPTER 2 : DISCOVERY OF CYCLIN K DEGRADERS ..................................................................... 55 

2.1 THE CDK INHIBITOR CR8 ACTS AS A MOLECULAR GLUE DEGRADER THAT DEPLETES CYCLIN K 

(PUBLISHED MANUSCRIPT) ......................................................................................................................................... 56 



 5 

2.1.1 ABSTRACT ....................................................................................................................................................................................... 56 

2.1.2 INTRODUCTION ................................................................................................................................................................................ 56 

2.1.2 RESULTS .......................................................................................................................................................................................... 57 

2.1.2.1 CR8 INDUCES PROTEASOMAL DEGRADATION OF CYCLIN K ........................................................................................................... 57 
2.1.2.2 CR8 DIRECTS CDK12 TO CRL4 CORE COMPONENT ...................................................................................................................... 64 
2.1.2.3 CDK12-DDB1 INTERFACE IMPARTS SELECTIVITY ........................................................................................................................ 71 
2.1.2.4 CR8 PHENYLPYRIDINE CONFERS GLUE ACTIVITY .......................................................................................................................... 73 
2.1.2.5 CYCLIN K DEGRADATION ADDS TO CR8 TOXICITY ........................................................................................................................ 76 
2.1.3 DISCUSSION ..................................................................................................................................................................................... 78 

2.2 RATIONAL DISCOVERY OF CYCLIN K MOLECULAR GLUE DEGRADERS VIA SCALABLE CHEMICAL 

PROFILING (SUMMARY OF A PUBLISHED MANUSCRIPT) ............................................................................................. 78 
2.2.1 COMPOUND TOXICITY PROFILING IN HYPONEDDYLATED VERSUS WILD-TYPE CELLS IDENTIFIES NOVEL DEGRADER COMPOUNDS ....... 79 

2.2.2 DCEMM2-4 ARE CYCLIN K DEGRADERS ........................................................................................................................................... 81 

2.2.3 SIGNIFICANCE .................................................................................................................................................................................. 87 

 

CHAPTER 3 : MOLECULAR GLUE DEGRADER STRUCTURE-ACTIVITY RELATIONSHIP AND 

DESIGN PRINCIPLES: A CASE STUDY FOR CYCLIN K DEGRADERS ............................................ 88 

3.1 ABSTRACT ........................................................................................................................................................ 88 
3.2 INTRODUCTION ................................................................................................................................................ 88 
3.3 RESULTS ........................................................................................................................................................... 89 
3.3.1 CR8 RETAINS GLUE ACTIVITY DESPITE DIVERSE MODIFICATIONS ...................................................................................................... 89 

3.3.2 PI-CATION INTERACTIONS ARE IMPORTANT FOR ROBUST COMPLEX FORMATION ................................................................................ 94 

3.3.3 HYDROGEN BONDING INTERACTIONS OF THE GLUING MOIETY MORE WEAKLY MODULATE AFFINITY ................................................. 95 

3.3.4 DIVERSE R2 MODIFICATIONS ARE TOLERATED FOR DDB1-CDK12 COMPLEX FORMATION ................................................................ 98 

3.3.5 CDK12-SELECTIVE INHIBITORS CAN BE CYCLIN K DEGRADERS ...................................................................................................... 100 

3.3.6 HYDROPHILIC MOIETIES CAN ENGAGE DDB1 TO DEGRADE CYCLIN K ............................................................................................ 105 

3.3.7 SPECIFIC FINGERPRINT DEFINES SMALL, FRAGMENT-LIKE CYCLIN K DEGRADERS ............................................................................ 107 

3.3.8 CONFORMATIONAL CHANGE TRIGGERED BY DCEMM4 SHOWS PPI PLASTICITY .............................................................................. 110 

3.3.9 IN VITRO VERSUS CELLULAR ACTIVITY ............................................................................................................................................ 110 

3.3.10 CYCLIN K DEGRADER DIVERSITY ................................................................................................................................................... 111 

3.3.11 KINASE INHIBITORY SELECTIVITY CAN BE DECOUPLED FROM GLUE ACTIVITY ................................................................................. 116 

3.3.12 CYCLIN K DEGRADERS AND CDK12 INHIBITORS SHOW DISTINCT TRANSCRIPTIONAL SIGNATURES ................................................. 118 

3.4 DISCUSSION .................................................................................................................................................... 120 

 

CHAPTER 4 : FLUORESCENCE-BASED BINDING STUDIES ............................................................ 122 

4.1 IN VITRO TR-FRET OPTIMISATION FOR MOLECULAR GLUE DEGRADER SCREENING AND EVALUATION 123 
4.1.1 THE PRINCIPLES OF TR-FRET ........................................................................................................................................................ 123 

4.1.2 ORIGINAL ASSAY SETUP ................................................................................................................................................................. 125 



 6 

4.1.3 TAG POSITION ................................................................................................................................................................................ 127 

4.1.4 TITRATION MODE ........................................................................................................................................................................... 130 

4.1.5 COMPOUND DISPENSING METHODS ................................................................................................................................................. 132 

4.1.6 FRET PAIR ..................................................................................................................................................................................... 134 

4.1.7 PLATE TYPE .................................................................................................................................................................................... 138 

4.1.8 BUFFER COMPONENTS .................................................................................................................................................................... 138 

4.1.9 ASSAY QUALITY CONTROL AND MINIATURISATION ......................................................................................................................... 141 

4.2 FLUORESCENCE-BASED METHODS TO STUDY PROTEIN-DNA INTERACTIONS ........................................... 143 
4.2.1 FLUORESCENCE POLARIZATION .................................................................................................................................................. 143 
4.2.2 MECHANISMS OF OCT4-SOX2 MOTIF READOUT ON NUCLEOSOMES ........................................................................................... 144 
4.2.2.1 INTRODUCTION ........................................................................................................................................................................... 144 
4.2.2.2 SEEN-SEQ REVEALS THE END-BINDING PREFERENCE OF OCT4-SOX2 ........................................................................................ 145 
4.2.2.3 STRUCTURAL STUDIES OF OCT4-SOX2 ON THE NUCLEOSOME ................................................................................................... 146 
4.2.2.4 FLUORESCENCE POLARISATION MEASUREMENTS TO STUDY TF-DNA AND TF-NUCLEOSOME INTERACTIONS .............................. 149 
4.2.2.5 THE OCT4-SOX2 PARTIAL MOTIF IS SUFFICIENT FOR CHROMATIN OPENING IN CELLS ................................................................ 153 
4.2.3 STRUCTURAL MECHANISM OF CGAS INHIBITION BY THE NUCLEOSOME ...................................................................................... 154 
4.2.3.1 INTRODUCTION ........................................................................................................................................................................... 154 
4.2.3.2 CRYO-EM STUDIES OF CGAS-NCP COMPLEXES ........................................................................................................................ 154 
4.2.3.3 FLUORESCENCE POLARISATION STUDIES TO DISSECT THE NCP LINKER CONTRIBUTION TO CGAS BINDING ................................. 158 
4.2.3.4 FLUORESCENCE POLARISATION STUDIES TO ELUCIDATE THE ROLE OF A ZINC FINGER MOTIF ........................................................ 159 
4.2.3.5 DISRUPTION OF THE CGAS-NCP INTERACTION TRIGGERS IMMUNE ACTIVATION IN CELLS .......................................................... 160 

 

CHAPTER 5 : DISCUSSION AND PERSPECTIVES ............................................................................... 163 

5.1 CYCLIN K DEGRADERS .................................................................................................................................. 163 
5.2 THERAPEUTIC UTILITY OF CYCLIN K DEGRADERS ...................................................................................... 165 
5.3 GLUE-INDUCED INTERFACES ......................................................................................................................... 166 
5.4 DEGRADER THEMES ....................................................................................................................................... 167 
5.5 SCREENING FOR MOLECULAR GLUE DEGRADERS ........................................................................................ 171 
5.6 RATIONAL DESIGN FOR GLUING WEAK INTERACTORS ................................................................................ 171 
5.7 THE “PROTEIN PAIR PROBLEM” .................................................................................................................... 174 
5.8 COMPOUND-INDUCED STICKINESS ................................................................................................................ 175 
5.9 COMPOUND-INDUCED INTERFACES .............................................................................................................. 177 
5.10 ENDOGENOUS MOLECULAR GLUES ............................................................................................................... 178 
5.11 SIGNIFICANCE ................................................................................................................................................ 180 

 

CHAPTER 6 : MATERIALS AND METHODS ......................................................................................... 182 

6.1 GENERAL MATERIALS AND METHODS .......................................................................................................... 182 



 7 

6.1.1 MATERIALS ................................................................................................................................................................................ 182 
6.1.2 INSECT CELL CULTURE ................................................................................................................................................................... 183 

6.1.3 PROTEIN EXPRESSION AND PURIFICATION ....................................................................................................................................... 184 

6.1.4 PROTEIN ANALYSIS ........................................................................................................................................................................ 185 

6.1.4.1 SDS POLYACRYLAMIDE-GEL ELECTROPHORESIS ......................................................................................................................... 185 
6.1.4.2 DETERMINATION OF PROTEIN CONCENTRATION .......................................................................................................................... 185 
6.2 DISCOVERY OF CYCLIN K DEGRADERS (CHAPTER 2) .................................................................................. 185 
6.2.1 MAMMALIAN CELL CULTURE .......................................................................................................................................................... 185 

6.2.2 COMPOUNDS .................................................................................................................................................................................. 186 

6.2.3 ANTIBODIES ................................................................................................................................................................................... 186 

6.2.4 REPORTER VECTORS ....................................................................................................................................................................... 186 

6.2.5 OLIGONUCLEOTIDES ...................................................................................................................................................................... 186 

6.2.6 BIOINFORMATIC SCREEN ................................................................................................................................................................ 186 

6.2.7 CLONING AND LENTIVIRAL PACKAGING OF SGRNAS TARGETING 95 E3 LIGASES ............................................................................ 187 

6.2.8 VALIDATION OF DRUG-E3 LIGASE PAIRS FROM THE BIOINFORMATIC SCREEN .................................................................................. 187 

6.2.9 VALIDATION OF THE DDB1 RESISTANCE PHENOTYPE ..................................................................................................................... 188 

6.2.10 WHOLE PROTEOME QUANTIFICATION USING TANDEM MASS TAG MASS SPECTROMETRY .................................................................. 188 

6.2.11 QUANTITATIVE PCR ...................................................................................................................................................................... 188 

6.2.12 IMMUNOBLOTS FOR WHOLE PROTEIN LYSATE ................................................................................................................................. 188 

6.2.13 CYCLIN K STABILITY REPORTER ANALYSIS ..................................................................................................................................... 189 

6.2.14 GENOME-WIDE CRISPR – CR8 RESISTANCE SCREEN ..................................................................................................................... 189 

6.2.15 BISON CRISPR – CR8 RESISTANCE SCREEN ................................................................................................................................ 189 

6.2.16 GENOME-WIDE CRISPR – CYCLIN K STABILITY REPORTER SCREEN ............................................................................................... 190 

6.2.17 POOLED CRISPR SCREEN DATA ANALYSIS ..................................................................................................................................... 190 

6.2.18 DCAF ARRAYED SCREEN ............................................................................................................................................................... 190 

6.2.19 PROTEIN PURIFICATION .................................................................................................................................................................. 190 

6.2.20 CO-IMMUNOPRECIPITATION ASSAY ................................................................................................................................................. 191 

6.2.21 CRYSTALLISATION AND DATA COLLECTION .................................................................................................................................... 191 

6.2.22 STRUCTURE DETERMINATION AND MODEL BUILDING ...................................................................................................................... 192 

6.2.23 BIOTINYLATION OF DDB1 ............................................................................................................................................................. 192 

6.2.24 TIME-RESOLVED FLUORESCENCE RESONANCE ENERGY TRANSFER (TR-FRET) ............................................................................... 192 

6.2.25 DDB1-CUL4-RBX1 RECONSTITUTION AND IN VITRO CUL4 NEDDYLATION .................................................................................. 193 

6.2.26 IN-VITRO UBIQUITINATION ASSAYS ................................................................................................................................................. 193 

6.2.27 ISOTHERMAL TITRATION CALORIMETRY (ITC) ............................................................................................................................... 193 

6.2.28 BIOLUMINESCENCE RESONANCE ENERGY TRANSFER (BRET) ANALYSES ...................................................................................... 194 

6.2.29 DRUG SENSITIVITY ASSAYS ............................................................................................................................................................ 194 

6.2.30 CYCLIN K STABILITY REPORTER ANALYSIS WITH CRBN OVEREXPRESSION .................................................................................... 194 

6.3 CYCLIN K DEGRADER SAR (CHAPTER 3) .................................................................................................... 194 
6.3.1 COMPOUNDS .................................................................................................................................................................................. 194 

6.3.2 PROTEIN EXPRESSION AND PURIFICATION ....................................................................................................................................... 195 

6.3.2.1 EXPRESSION AND PURIFICATION OF DDB1 CONSTRUCTS ................................................................................................................ 195 

6.3.2.2 EXPRESSION AND PURIFICATION OF CDK12-CYCLIN K FOR BIOPHYSICAL ASSAYS .......................................................................... 196 

6.3.2.3 EXPRESSION AND PURIFICATION OF CDK12-CYCLIN K FOR CRYSTALLOGRAPHY ............................................................................ 196 

6.3.3 PROTEIN LABELLING ...................................................................................................................................................................... 197 



 8 

6.3.3.1 LABELLING WITH FLUOROPHORE-CONJUGATED MALEIMIDES .......................................................................................................... 197 

6.3.3.2 BIOTINYLATION ............................................................................................................................................................................. 197 

6.3.4 TR-FRET ASSAY ........................................................................................................................................................................... 198 

6.3.5 DDB1-CUL4-RBX1 RECONSTITUTION AND IN VITRO CUL4 NEDDYLATION .................................................................................. 198 

6.3.6 CRYSTALLOGRAPHIC METHODS ...................................................................................................................................................... 199 

6.3.6.1 CRYSTALLISATION AND DATA COLLECTION .................................................................................................................................... 199 

6.3.6.2 STRUCTURE DETERMINATION AND MODEL BUILDING ...................................................................................................................... 202 

6.3.7 LIGAND DOCKING ........................................................................................................................................................................... 203 

6.3.8 LANTHASCREEN KINASE BINDING ASSAY ........................................................................................................................................ 203 

6.3.9 MAMMALIAN CELL CULTURE .......................................................................................................................................................... 204 

6.3.10 REPORTER VECTORS ....................................................................................................................................................................... 204 

6.3.11 CYCLIN K REPORTER STABILITY ANALYSIS ..................................................................................................................................... 204 

6.3.12 DRUG SENSITIVITY ASSAYS ............................................................................................................................................................ 204 

6.3.13 LABEL-FREE QUANTITATIVE MASS SPECTROMETRY ........................................................................................................................ 205 

6.3.13.1 SAMPLE PREPARATION ................................................................................................................................................................. 205 

6.3.13.2 LC-MS DATA ANALYSIS .............................................................................................................................................................. 206 

6.3.14 RNA SEQUENCING ......................................................................................................................................................................... 206 

6.3.14.1 LIBRARY PREPARATION ................................................................................................................................................................ 206 

6.3.14.2 RNA-SEQ ANALYSIS .................................................................................................................................................................... 206 

6.4 FLUORESCENCE-BASED METHODS (CHAPTER 4) ......................................................................................... 207 
6.4.1 TR-FRET ...................................................................................................................................................................................... 207 

6.4.1.1 COMPOUND TITRATIONS ................................................................................................................................................................. 207 

6.4.1.2 FORWARD TITRATIONS ................................................................................................................................................................... 207 

6.4.1.3 COUNTER TITRATIONS .................................................................................................................................................................... 208 

6.4.2 INTERACTIONS OF OCT4-SOX2 WITH DNA AND NUCLEOSOMES ..................................................................................................... 208 

6.4.2.1 HUMAN OCTAMER HISTONES EXPRESSION, PURIFICATION, AND RECONSTITUTION ........................................................................... 208 

6.4.2.2 DNA PREPARATION ....................................................................................................................................................................... 208 

6.4.2.3 NUCLEOSOME ASSEMBLY ............................................................................................................................................................... 208 

6.4.2.4 PROTEIN EXPRESSION AND PURIFICATION OF OCT4 AND SOX2 ..................................................................................................... 209 

6.4.2.5 DETERMINATION OF OCT4 AND/OR SOX2 BINDING AFFINITY FOR DNA BY FP FORWARD TITRATIONS .......................................... 209 

6.4.2.6 DETERMINATION OF OCT4 AND/OR SOX2 BINDING AFFINITY FOR NUCLEOSOMES BY FP COUNTER TITRATIONS ............................ 209 

6.4.3 INTERACTIONS OF CGAS WITH DNA AND NUCLEOSOMES .............................................................................................................. 210 

6.4.3.1 DETERMINATION OF CGAS BINDING AFFINITY FOR DNA BY FLUORESCENCE POLARISATION FORWARD TITRATIONS ...................... 210 

6.4.3.2 DETERMINATION OF CGAS BINDING AFFINITY FOR NUCLEOSOMES BY FLUORESCENCE POLARISATION COUNTER-TITRATIONS ........ 210 

REFERENCES ............................................................................................................................................... 211 

ABBREVIATIONS ......................................................................................................................................... 237 

ACKNOWLEDGEMENTS ........................................................................................................................... 240 

SUPPLEMENTARY INFORMATION ....................................................................................................... 241 



 9 

APPENDIX ...................................................................................................................................................... 264 

 

 

  



 10 

Dissertation outline 
This doctoral thesis consists of six chapters. Collaborations and co-authorships are indicated at the beginning 

of each chapter. The thesis is based on both published and unpublished work performed at the Friedrich 

Miescher Institute for Biomedical Research, Basel, Switzerland, under the supervision of Dr Nicolas H. Thomä. 

 

Chapter 1 is an introduction to the ubiquitin-proteasome system and targeted protein degradation, with a focus 

on molecular glue degraders. Several sections and figures have been adapted or reproduced from the following 

manuscript: 

 

Haven’t got a glue: Protein surface variation for the design of molecular glue degraders.  
Z. Kozicka, N. Thomä 
Cell Chemical Biology (2021), https://doi.org/10.1016/j.chembiol.2021.04.009 
 
 
Later sections of this chapter introduce cyclin-dependent kinases and discuss CDK12 and cyclin K as emerging 

therapeutic targets.  

 

Chapter 2, Chapter 3, and Chapter 4 are experimental chapters. 

 

Þ Chapter 2 describes the discovery of cyclin K degraders. It contains published data reproduced or 

adapted from the following manuscripts: 

 
The CDK inhibitor CR8 acts as a molecular glue degrader that depletes cyclin K 
M. Słabicki*, Z. Kozicka*, G. Petzold*, Y.-D. Li, M. Manojkumar, R. Bunker, K. Donovan, Q. Sievers, J. 
Koeppel, D. Suchyta, A. Sperling, E. Fink, J. Gasser, L. Wang, S. Corsello, R. Sellar, M. Jan, D. Gillingham, 
C. Scholl, S. Fröhling, T. Golub, E. Fischer, N. Thomä†, B. Ebert†.  
Nature (2020), https://doi.org/10.1038/s41586-020-2374-x (*equal contribution) 
 
Rational discovery of molecular glue degraders via scalable chemical profiling  
C. Mayor-Ruiz, S. Bauer, M. Brand, Z. Kozicka, M. Siklos, H. Imrichova, I. Kaltheuner, E. Hahn, K. Seiler, 
A. Koren, G. Petzold, M. Fellner, C. Bock, A. Muller, J. Zuber, M. Geyer, N. Thomä, S. Kubicek, G. Winter.  
Nature Chemical Biology (2020), https://doi.org/10.1038/s41589-020-0594-x 
 
 

Þ Chapter 3 explores the structure-activity relationships underlying the gain-of-function glue activity of 

CR8 and describes the discovery of new cyclin K degrader scaffolds. This chapter is unpublished.  

 

Þ Chapter 4 focuses on fluorescence-based methods to study molecular glue-induced proximity as well 

as the interactions of DNA-binding proteins with DNA or nucleosomes. It contains unpublished data as 

well as published data based on the following manuscripts: 
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Mechanisms of OCT4-SOX2 motif readout on nucleosomes  
A. Michael*, R. Grant*, L. Isbel*, S. Cavadini, Z. Kozicka, R. Bunker, A. Schenk, A. Graff-Meyer, G. Pathare, 
J. Weiss, S. Matsumoto, L. Burger, D. Schübeler†, N. Thomä†  
Science (2020); https://doi.org/10.1126/science.abb0074 
 
Structural mechanism of cGAS inhibition by the nucleosome 
G. Pathare, A. Decout, S. Glück, S. Cavadini, K. Makasheva, R. Hovius, G. Kempf, J. Weiss, Z. Kozicka, B. 
Guey, P. Melenec, B. Fierz, N. Thomä†, A. Ablasser†   
Nature (2020), https://doi.org/10.1038/s41586-020-2750-6 
 
 

Þ Chapter 5 is a discussion of the results described in chapters 2 and 3. It integrates the findings into our 

current understanding of molecular glue degraders and considers strategies to rationalise degrader 

design and discovery. Several sections and figures have been adapted from the manuscript: 

 
Haven’t got a glue: Protein surface variation for the design of molecular glue degraders.  
Z. Kozicka, N. Thomä  
Cell Chemical Biology (2021), https://doi.org/10.1016/j.chembiol.2021.04.009 
 
 

Þ Chapter 6 describes the materials and methods pertaining to Chapters 2, 3 and 4 

 

Þ All references, the list of abbreviations, the acknowledgments, and my curriculum vitae can be found 

after Chapter 6 

 

Þ Supplementary Information contains additional data related to Chapter 3 

 

Þ The Appendix features all published manuscripts listed above, as well as additional publications that 

do not constitute a part of this thesis.  
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Chapter 1 : Introduction 
In recent decades, small molecules able to remodel the protein-protein interaction landscape of their targets have 

been identified. Molecular glue degrader drugs that cause target protein degradation via induced proximity with 

a ubiquitin ligase have attracted particular attention and have already yielded clinically approved compounds, 

with lenalidomide (Revlimid) regarded as one of the most successful anticancer drugs of our time1. Molecular 

glue degraders, and more specifically a novel class of small molecules that degrade cyclin K that was discovered 

through the work described herein, will be the main focus of this dissertation. 

The following chapter will provide an overview of the ubiquitin-proteasome system and targeted protein 

degradation, with a focus on molecular glue degraders. In later sections, cyclin-dependent kinases are 

introduced. In particular, the CDK12-cyclin K complex, the rationale for its therapeutic targeting and current 

efforts aimed at its pharmacological modulation are discussed.  

 

1.1 Targeted protein degradation 

1.1.1 The ubiquitin proteasome system 

Cellular homeostasis requires a fine balance between protein synthesis and degradation. The landmark 

discoveries of Aaron Ciechanover, Avram Hershko, and others begun the elucidation of the complex 

biochemical mechanisms of intracellular proteolysis2. Their work revealed that the 76-amino acid protein 

initially termed APF-1 (ATP-dependent Proteolysis Factor 1) is required for ATP-dependent protein 

degradation and that APF-1 becomes covalently tethered to proteolytic substrates via an isopeptide bond to a 

substrate lysine residue3,4. Subsequent studies revealed that a protein earlier identified to covalently attach to 

histones through an isopeptide bond and APF-1 are in fact the same protein, which was then renamed ubiquitin 

due to its high conservation and ubiquitous expression in eukaryotes5,6.    

These early studies recognised that ubiquitinated substrate proteins are directed for proteasomal 

degradation and, in the following decades, the work of many laboratories elucidated the molecular details of the 

tightly regulated proteolytic cycle7. Substrate ubiquitination occurs via a sequential reaction catalysed by three 

enzymes, namely ubiquitin-activating (E1), ubiquitin-conjugating (E2), and ubiquitin ligase (E3) proteins8. The 

canonical ubiquitination cascade is shown in Figure 1.1a. Firstly, ubiquitin is activated by the E1 in an 

ATP-dependent manner, with ubiquitin tethered to the catalytic cysteine of the enzyme via a high-energy 

thioester bond to its C-terminus9. Ubiquitin is then transferred onto the catalytic cysteine of the E2 enzyme 

through a transthioesterification reaction8,10,11. The E2-ubiquitin conjugate subsequently associates with the E3 

enzyme, which catalyses the final ligation step that attaches ubiquitin onto an amino group in the E3-bound 

substrate8. This results in an isopeptide bond between the C-terminus of ubiquitin and the substrate5,8. The cycle 

can repeat several times to yield a polymeric chain, with ubiquitin-ubiquitin isopeptide bonds forming. As 

ubiquitin possesses seven lysine residues (K6, K11, K27, K29, K33, K48, K63), both branched and linear chains 

with various linkages can form, and their nature governs the fate of the ubiquitinated substrate12. K48-linked 

polyubiquitin chains serve as a mark for degradation by the 26S proteasome (Figure 1.1b), while individual 
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ubiquitin marks, K63-linked or branched chains are associated with other signalling roles or are only partly 

understood12. The reverse reaction of ubiquitin removal is catalysed by deubiquitinating enzymes (DUBs), a 

family of circa 100 hydrolases that frequently show both substrate and linkage specificity8,13.  

 

 
Figure 1.1 Overview of the ubiquitin-proteasome system. a, The ubiquitination cascade begins with activation of 
ubiquitin, an ATP-dependent process catalysed by the E1 (ubiquitin-activating) enzyme. The activated ubiquitin is then 
transferred to the E2 (ubiquitin-conjugating) enzyme and, with the aid of an E3 ligase, covalently attached to a lysine 
residue on the substrate. b, Ubiquitin can be transferred directly from the E2-E3 complex onto the substrate (RING ligases) 
or first conjugated to the E3 ligase (HECT and RBR ligases, not shown). Deubiquitinating enzymes (DUBs) can cleave 
ubiquitin chains. K48-linked polyubiquitin chains mark substrates for degradation by the 26S proteasome. Created with 
BioRender.com.    

The extraordinary specificity of the ubiquitin-proteasome system stems from its hierarchical structure. 

Whereas only two E1 enzymes (UBA1 and UBA6) exist in humans, there are circa 40 E2 enzymes and over 

600 E3 enzymes14,15.  The ubiquitin system therefore gains specificity as the cascade progresses. While E1 and 

E2 enzymes have largely conserved structures, E3 ligases are much more diverse and often contain additional 

domains. The two major families of E3 ubiquitin ligases are RING (Really Interesting New Gene)-type ligases 

and HECT (Homologues to E6AP C-Terminus) ligases. RING ligases contain a RING domain that coordinates 

two Zn2+ ions and usually have binding affinity for their targets, allowing for direct ubiquitin transfer from the 

E2 to the E3-bound substrate (Figure 1.1)16. In contrast, substrate ubiquitination by HECT-type ligases proceeds 

via an additional step, whereby ubiquitin is first transferred to the catalytic cysteine of the HECT domain and 

only then onto the substrate17. RING ligases make up the bulk of human E3 ligases and among them, cullin-

RING ligases (CRLs) are a particularly prominent class.   
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1.1.2 Cullin-RING ligases 

The cullin-RING ligase (CRL) family is comprised of the CRL 1-5 and 7 clades, which together with ∼200 

substrate receptors are responsible for ∼20% of proteasome-mediated protein degradation in the cell18 (Figure 

1.2). CRLs are multiprotein complexes containing a dedicated substrate receptor module that confers 

ubiquitination specificity through direct protein-protein interactions with the substrate19,20. These receptors 

connect the substrate directly, or with the help of an adaptor protein, to the N-terminus of the cullin ligase 

arm20,21. Through its C-terminus, the cullin engages the Rbx1/2 subunit, which serves as the recruitment site for 

the ubiquitin-loaded E2, allowing for direct ubiquitin transfer onto the substrate.  

CRLs are dynamic assemblies governed by multiple regulatory mechanisms (Figure 1.3). These E3 

ligases only become fully active upon the conjugation of Nedd8, a ubiquitin-like protein, to a conserved lysine 

residue on the cullin, and a subsequent conformational change22–25. Neddylation is enacted by Nedd8-specific 

enzymes, the heterodimeric E1 NAE1-Uba3 and two E2s, UBE2M and UBE2F26. The COP9 signalosome 

(CSN), a multiprotein isopeptidase complex, can remove the Nedd8 modification from idle (i.e. not substrate-

bound) cullins using a steric gating mechanism and thereby acts to inhibit CRLs27. Nonetheless, CSN was shown 

to be required for CRL activity as it enables the exchange of ligase substrate receptors in the de-neddylated 

state28,29. CAND1/2 (Cullin-Associated and Neddylation-Dissociated 1/2) only bind to cullins that are not 

neddylated or associated with adaptor proteins or substrate receptors and were initially thought to sequester 

cullins in their inactive state30. However, recent studies elegantly demonstrated that CAND1/2 in fact function 

as exchange factors for CRL substrate receptors and are required for efficient substrate degradation31.  

 

 
Figure 1.2. Modular architecture of cullin-RING ligases. The CRL core comprises a scaffolding protein (cullin; Cul1-
5, 7) and a small RING finger protein (Rbx1/2) that contains the E2 binding site. Through its N-terminus, the cullin binds 
to an adaptor protein (Skp1, EloB/C, or DDB1), which in turn is bound to a substrate receptor (F-box, VHL, DCAF or 
SOCS-box) that bestows substrate specificity. In Cul3 ligases, the cullin instead binds to a BTB protein that directly 
interacts with its cognate substrates. Created with BioRender.com.       
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Figure 1.3. Cullin-RING ligase regulation. Nedd8 conjugation activates CRLs and de-neddylation of idle ligases by the 
CSN inhibits their activity. The CAND1-mediated exchange of substrate receptors occurs in the de-neddylated state and is 
essential for CRL activity. N8: Nedd8, SR: substrate receptor. Created with BioRender.com.       

 

1.1.3 CRL4 clade 

CRL4 ligases are multiprotein complexes consisting of Cul4, RBX1, the adaptor protein DDB1 (Damage DNA 

Binding protein 1), and a DCAF (DDB1-Cul4-Associated Factor), which usually functions as a substrate 

receptor32. Cul4 is the only cullin that in humans has two isoforms, Cul4a and Cul4b, with distinct subcellular 

localisations and only partially overlapping functions33. While other CRLs have structurally-related, BTB 

domain-containing adaptors, the CRL4-specific DDB1 is unusually large (127 kDa) and has a distinct fold with 

three WD40 ß-propellers (BPA, BPB, BPC) arranged in a trilateral fashion and stabilised by a helical C-terminal 

domain (Figure 1.4). Structural and biochemical studies revealed that DDB1 interacts with the N-terminus of 

Cul4 through its BPB domain, and that the overall architecture of the CRL4 complex resembles that of a 

previously described CRL1 assembly30,32.  

Seminal work of the Zheng laboratory identified putative CRL4 substrate receptors through DDB1 

pulldown experiments and coined the term DCAF32. It confirmed known DDB1 interactors such as DDB2 and 

revealed that DCAFs have a common WD40 ß-propeller domain architecture, while possessing little sequence 

similarity otherwise. One exception is a small DxR motif located on the bottom surface of the DCAF, which 

Angers et al. showed to be essential for DDB1 binding through mutational analysis32. Subsequent studies 

identified multiple additional DCAFs34–36 and recent work by Reichermeier et al. found that DDB1-substrate 

receptor modules differ up to 200-fold in abundance despite comparable DCAF expression levels, with substrate 

availability additionally shaping the composition of the CRL4 ligase network31.   
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Figure 1.4. Structural features of CRL4 enzymes. a, Structure of the SV5V-DDB1-Cul4-RBX1 complex (PDB 2HYE) 

37. b, Structure of the DDB2-DDB1-Cul4-RBX1 complex engaged with a substrate, an abasic-site containing DNA duplex 
(PDB 4A0K)38. c, Illustration of the rotational mobility of the BPB domain of DDB1 and the resulting orientations of Cul4-
Rbx1. This flexibility gives CRL4s a large search radius and a ubiquitination zone of about 340 Å × 110 Å × 30 Å from 
the receptor38,39. Panel (c) was adapted from 39.   

 

Interestingly, even before CRL4 DCAFs were described, DDB1 was shown to interact with the 

paramyxovirus V protein SV5V (Figure 1.4a)37. The viral protein effectively hijacks the CRL4 function and 

recruits the host transcription factor STAT1 to DDB1 to cause STAT1 ubiquitination and degradation, thereby 

acting as a viral, exogenous substrate receptor. Its binding to DDB1 was shown to be mutually exclusive with 

endogenous DCAFs, and later structural studies demonstrated that viral and endogenous substrate receptors 

utilise the same interface on DDB137,40 (Figure 1.4b).  

Multiple structures of DDB1-DCAF complexes have been solved. In the first structure, Scrima et al. 

visualised CRL4DDB2, a complex involved in nucleotide excision repair, to reveal that the DCAF, DDB2, utilises 

a helix-loop-helix (HLH) fold to engage the cavity between BPA and BPC domains of DDB1 (Figure 1.4b)19. 

A later study by Li et al. characterised the binding mode of nine endogenous and viral DCAFs to DDB1 through 

co-crystallisation of DDB1 with the relevant 13-mer HLH peptides40. The study defined an H-box motif 

spanning the key DDB1-interacting helix, which bears some sequence similarity across all DCAFs, as an 
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essential feature for DDB1 engagement (Figure 1.5a). Further structures of DDB1 with DCAF141, DCAF1542, 

and a somewhat structurally atypical DCAF CRBN39 showed that while the HLH-motif interaction is universally 

present, full-length DCAFs engage multiple additional DDB1 interfaces (Figure 1.5b-e).  

 

 

 
Figure 1.5. DDB1-DCAF interactions. a, Protein sequence alignment of the key helix-loop-helix (HLH)-domain helix 
from various DCAFs and viral proteins. b, Structure of the DCAF15-DDB1 complex (PDB 6PAI42). DCAF15 binds a cleft 
between the BPA and BPC domains of DDB1. Protein-protein interaction hotspots are highlighted with boxes. c, An HLH 
motif of DCAF15 engages DDB1 (left). Additional protein-protein interaction hotspots (middle, right). d, Diverse DCAFs, 
including DCAF1 (PDB 5JK743), DDB2 (PDB 4A0B38), and CRBN (PDB 5FQD44) bind the cleft between the BPA and 
BPC domains of DDB1 through HLH- or HLH-like folds. e, Viral proteins such as SV5V (PDB 2HYE32) can bind in a 
DCAF-like manner to hijack the activity of DDB1.  
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The CRL4 clade has several properties that make it particularly amenable to reprogramming by viruses 

and, as detailed in subsequent sections, by small molecules. One important factor is that CRLs ubiquitinate 

diverse substrate proteins when brought into direct proximity to the ligase: CRL4DDB2, for example, is recruited 

to sites of DNA damage, where it ubiquitinates not the DNA lesion itself but various proteins in the immediate 

vicinity of the damage site45. Moreover, the rotational flexibility of the DDB1 BPB domain and the resulting 

mobility of the Cul4 arm spanning over 150o establish a ubiquitination zone with dimensions as large as 

340 Å × 110 Å × 30 Å (Figure 1.4c)38,39. The CRL4 ligases are promiscuous, targeting any lysine residues that 

cross the ubiquitination zone, often including sites on the DCAF itself39. This flexible attachment and thermal 

motion-driven rotation give rise to a large search radius, facilitating the search for lysine residues in non-native 

substrates, for example upon viral exploitation of CRL4s. 

 

1.1.4 Therapeutic targeting of the ubiquitin-proteasome system  
Tightly controlled protein turnover is essential for homeostasis. In addition, the ubiquitin-proteasome system 

(UPS) regulates a multitude of vital cellular processes, including gene expression and the cell cycle, and the 

roles of protein ubiquitination extend far beyond the regulation of proteolysis7,12. As aberrations within 

ubiquitin-dependent pathways are frequently associated with diseases states, the UPS constitutes an attractive 

target for therapeutic intervention and multiple small molecules that modulate it have been developed46.  

The selectivity of UPS-directed therapeutics depends greatly on where in the pathway does the drug 

intervene (Figure 1.6a). For instance, inhibition of the proteasome will have pleiotropic effects. Yet, the first 

UPS-targeting drug to receive FDA approval was the proteasome inhibitor bortezomib (Velcade), a dipeptide 

boronic acid analogue developed by Millennium Pharmaceuticals (Figure 1.6b)47. Despite the lack of any 

substrate specificity, bortezomib demonstrated clinical efficacy in refractory or relapsed multiple myeloma with 

manageable toxicities48. The therapeutic window is thought to be afforded by an increased dependence of the 

rapidly dividing tumour cells on the UPS49. Multiple analogues followed, including an FDA-approved orally 

available inhibitor ixazomib (Ninlaro, developed by Takeda), and a structurally distinct ß-lactone marizomib 

currently in clinical trials (Figure 1.6)50.   

While the direct targeting of the E1-3 enzymes remains challenging due to the lack of classically 

druggable sites on their surface, considerable progress has been made in recent years51. MLN7243/TAK-243 

(Millenium Pharmaceuticals) is an inhibitor of the E1 enzyme Uba1 and is currently in clinical studies for solid 

tumours52. The compound achieves nanomolar inhibition of Uba1 through the formation of a drug-ubiquitin 

adduct that cannot be processed by the enzyme52. However, such E1 inhibition has largely nonspecific effects.  

Another E1 inhibitor in clinical trials, though one that in fact inhibits the CRL class of E3 ubiquitin 

ligases, is MLN4924 (Millennium Pharmaceuticals). MLN4924 targets the Nedd8-specific E1 enzyme NAE1, 

similarly forming an adduct with Nedd8 and thereby disabling the enzyme53. Inhibition of NAE1 prevents cullin 

neddylation and thus widely disrupts CRL-mediated ubiquitination, effectively inhibiting this class of E3 

ubiquitin ligases.  
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Figure 1.6. Therapeutic targeting of the ubiquitin-proteasome system. a, Drug targets within the UPS. Clinical 
candidates and approved drugs (marked with an asterisk) are listed. Figure panel partly based on 51 and created with 
Biorender.com. b, Chemical structures of selected UPS-targeting inhibitors. Degraders compounds are depicted and 
discussed in detail in the following sections.  

 

The direct targeting of individual E3 ligases or E3-substrate interactions constitutes the most specific 

intervention in the UPS pathway. Covalent inhibitors of the CRL3 adaptor protein Keap1, such as the 

triterpenoid bardoxolone methyl (Figure 1.6b), prevent the degradation of its target, the transcription factor 

Nrf254. This potently activates the Nrf2 pathway and could offer therapeutic benefits in cancer and chronic 



 20 

kidney disease, with clinical trials ongoing 54. However, most E3 ligases have proven to be challenging targets 

as they lack conventional small molecule-binding pockets, and the efforts have extended beyond blocking their 

catalytic activity and into protein-protein interaction inhibition. Nutlins, a class of small molecules that block 

the interaction between the RING-family ligase Mdm2 (Mouse double minute 2) and its substrate p53 are a 

seminal example of direct pharmacological targeting of E3 ligases55. These cis-imidazoline derivatives bind to 

an extended cavity on the Mdm2 surface and prevent the binding of p53, resulting in the stabilisation of the 

tumour suppressor. Multiple generations of Mdm2-p53 inhibitors have since been developed and nine are 

currently in clinical trials (Figure 1.6b)56.  

Small-molecule binders of the von Hippel-Lindau tumour suppressor (VHL) E3 ligase such as VH298 

have been developed based on peptidomimetics (inspired by its endogenous substrate HIF1⍺) and structure-

guided evolution of fragment-derived scaffolds57. Similarly, ligands of the E3 ligase IAP (Inhibitor of Apoptosis 

Protein) have been obtained, and several scaffolds are currently in clinical development for oncology 

indications58,59. Binders of CRBN, a CUL4 DCAF substrate receptor, such as thalidomide (Thalomid, 

Contergan) and lenalidomide (Revlimid), have been retrospectively identified but many display an unexpected 

gain-of-function mechanism of action (see section 1.1.10). As described in the following sections, all E3 ligase 

ligands, even if not inhibitory in nature, have become very highly sought after with the advent of targeted protein 

degradation. 

Preclinical small molecules that target other components of the pathway, e.g., DUBs (dual 

USP14/UCHL5 inhibitor VLX175060, multiple USP7 inhibitors61,62), the CSN5 subunit of the COP9 

signalosome (CSN5i-363), or p97, an ATPase involved in the extraction of ubiquitinated substrates (CB-508364), 

have also been described (Figure 1.6).  

 

1.1.5 Hijacking of the ubiquitin-proteasome system 

1.1.6 Chemical inducers of proximity  

Molecular recognition events between two proteins, or between a protein and a small molecule, are at the heart 

of every biological process. In drug discovery efforts the predominant, yet technically challenging, approach of 

modulating protein-protein interactions has long been to develop interaction inhibitors65. Inducing de novo 

protein-protein interactions with a compound, on the other hand, has been considered infeasible66 but this 

perception shifted over the last years with the discovery of molecular glues. The elucidation of the proximity-

inducing properties of macrolides cyclosporin, FK506, and rapamycin (Figure 1.7)67–70 paved the way for the 

discovery of numerous compounds that elicit their effects through prompting new protein-protein contacts71. 

The three macrolides all showed immunosuppressive effects – the natural product cyclosporin (Sandimmune) 

was approved by the FDA in 1983 for the prevention of organ transplant rejection, followed by the approvals 

of FK506 (Tacrolimus) and rapamycin (Sirolimus) in the coming years72,73. Seminal work from the Schreiber 

and Crabtree laboratories uncovered that these compounds trigger the formation of calcineurin-cyclosporin-

cyclophilin and calcineurin-FK506-FKBP12 ternary complexes74, and later work from Schreiber and Snyder 
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laboratories concurrently uncovered that rapamycin induces the interaction of FKBP12 with the kinase 

mTOR75,76. The structural studies that followed revealed that all three compounds are effectively buried at the 

protein-protein interface, triggering extensive interactions between the proteins they bring in proximity (Figure 

1.7)77–79. 

 

 
Figure 1.7. Macrolide molecular glues. a, Cyclosporin induced the interaction of cyclophilin with calcineurin (PDB 
1MF8)79. b, FK506 induces the interaction of FKBP12 with calcineurin (PDB 6TZ7)78. c, Rapamycin triggers complex 
formation between FKBP12 and the FRB domain of mTOR (PDB 1FAP)77.  
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Small molecule-induced proximity is particularly consequential for E3 ubiquitin ligases. As described 

above, the CRL4 class of ligases is especially amenable to ubiquitinating diverse substrate proteins when 

brought into direct proximity to the ligase: CRL4DDB2, for example, is recruited to sites of DNA damage, where 

it ubiquitinates not the DNA lesion itself but various proteins in its proximity45. This property is exploited by 

several virus families, with viral proteins binding and thereby redirecting ligases to ubiquitinate neosubstrates 

to benefit viral replication. Examples include HBx, which directly binds the CRL4 adaptor DDB1 and leads to 

the degradation of the HBV restriction factors SMC5/640, and S5V which brings about degradation of host 

transcription factors STAT in an analogous manner80. A similar mechanism is observed for substrate receptor 

hijacking, with the HIV-1 protein Vpr binding the CRL4 substrate receptor DCAF1 and directing the ligase to 

ubiquitinate several host proteins including UNG281 and the adenovirus early gene e1a hijacking CRLDCAF10 to 

degrade RUVBL1/282. Ubiquitination by proximity was also observed for other ubiquitin ligases such as the 

Anaphase Promoting Complex (APC), where grafting the destruction box of cyclin B onto non-substrate 

proteins rendered them subject to APC-mediated ubiquitination and degradation83,84.   

 

1.1.7 Plant hormones as inducers of protein degradation  
The first biological indication that a small molecule can induce protein degradation came from plant hormones85. 

The phytohormones auxin and methyl jasmonate were found to bind the plant F-box CRL receptors (TIR1 and 

COI1, respectively) and facilitate their interaction with target proteins, two transcription factors, resulting in 

enhanced degradation of these targets85,86. Seminal crystallographic studies from the Zheng laboratory revealed 

that the compact small-molecule hormones can facilitate nanomolar target-ligase interactions through a small 

protein-ligand interface (Figure 1.8). The molecular mechanism of these compounds differs substantially from 

that of large macrolides (Figure 1.7), in that the phytohormones rely predominantly on large and complementary 

protein-protein interfaces, with the relatively small compound/neosubstrate interface conferring sufficient 

additional binding energy for tight complex formation87. 

 

 
Figure 1.8. SKP1-TIR1-auxin-IAA7 complex (PDB 2P1Q)85 and the chemical structure of auxin. Important interface 
residues are shown as sticks. Key interactions are marked with dashed yellow lines. The protein-protein interface spans 
657 Å2, while the auxin-IAA7 interface is only 65 Å2. 
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1.1.8 Inducible degradation and bifunctional degraders 
Following these discoveries, the auxin-inducible degron (AID) system was developed for controlled cellular 

degradation of non-physiological substrate proteins fused to an IAA7 degron88. However, the fact that viruses 

and plants can reprogram ubiquitin ligases through induced proximity suggested that targeted protein 

degradation that does not require protein engineering could be achieved with appropriately designed 

compounds. The man-made proof of concept came from broad successes with rationally-designed 

heterobifunctional degrader molecules (PROTACs, Proteolysis Targeting Chimeras)89–92. These compounds, 

comprising a ligase-binding ligand and a target-engaging warhead connected by a linker, position the target in 

proximity to the ubiquitin ligase, leading to target ubiquitination and its proteasomal degradation (Figure 1.9, 

Figure 1.10). The approach of targeted protein degradation has attracted keen interest from both academia and 

industry as it offers multiple advantages over traditional inhibition93. Firstly, the degradation mode of action 

allows for the targeting of proteins with no enzymatic activity or for which no effective inhibitors could be 

developed, as merely a ligand binding anywhere on the target is required for PROTAC design94. Moreover, 

target degradation eliminates all functions of the protein of interest, including e.g. scaffolding roles, and, while 

reversible, it phenotypically resembles a genetic knockout, which can lead to superior efficacy95–97. Compound-

induced degradation proceeds via an event-driven mode of action, whereby one molecule of the degrader 

facilitates iterative rounds of target ubiquitination and degradation and can therefore be considered catalytic92. 

This contrasts with occupancy-based inhibitors and allows degraders to be used at sub-stoichiometric 

concentrations. Finally, as degrader action necessitates the formation of a stable ligase-compound-target 

complex, this dependence on complementary protein-protein interfaces affords degraders additional selectivity, 

even in the case of PROTAC ligands deriving from promiscuous inhibitors98–100.         

A key aspect of PROTAC’s appeal is the fact that bifunctionality allows the exchange of the target-

binding warhead in a plug-and-play fashion to inactivate other proteins. This modularity, at the same time, also 

highlights their key shortcomings. Firstly, it underscores the fact that having a target- and a ligase-binding 

compound is a prerequisite for designing a bifunctional degrader, therefore effectively limiting the target space 

to ligandable (and often otherwise druggable) targets. The ligases employed include primarily CRBN and VHL, 

due to the limited availability of chemical matter for targeting other ligases (see section 1.1.4). The described 

heterobifunctionality also renders the compounds comparatively large (Figure 1.10), making it more 

challenging to progress these molecules into the clinic. Nevertheless, several PROTACs are currently in clinical 

trials, with the CRBN-based ARV-110 (androgen receptor degrader, phase II) and ARV-471 (oestrogen receptor 

degrader, phase II) developed by Arvinas being the most advanced101. 
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Rational design Serendipitous discovery 
Dependent on ligand availability Less reliant on ligands/pockets 
High molecular weight Small and drug-like 

At least twelve currently in clinical trials101 
Three approved drugs (Thalomid, Revlimid, 
Pomalyst) and at least six in clinical trials101  

 

Figure 1.9. Schematic representation of heterobifunctional degraders (PROTACs) and molecular glue degraders, and a 
table with their key characteristics. These compounds promote ternary complex formation between the target protein and 
the ubiquitin ligase complex, which leads to target ubiquitination and subsequent degradation by the proteasome. The small 
molecules do not get degraded and can facilitate iterative cycles of target degradation.  
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Figure 1.10. Examples of PROTAC-mediated ternary complexes. a, EloB/C-VHL-MZ1-BRD4BD2 complex (PDB 
5T35)90. b, DDB1-CRBN-dBET23-BRD4BD1 complex (PDB 6BN7)102. Bottom panel: overlay of dBET23 and dBET57-
induced conformations of BRD4BD1 (PDB 6BNB) aligned on CRBN thalidomide-binding domain (TBD). The two 
PROTACs engage different BD1 interfaces depending on the linker and exit vector used. The BPB domain of DDB1 was 
omitted for clarity. Important interface residues are shown as sticks. Key interactions are marked with dashed yellow lines. 
(a, b) The protein-protein interfaces span 348-518 Å2, while the PROTAC-target interfaces are 505-508 Å2.   

 

1.1.9 Molecular glue degraders 

Molecular glue degraders are a second class of targeted protein degraders. Akin to PROTACs, they also 

facilitate dimerization of a target protein and an E3 ubiquitin ligase, but they are single, linker-less scaffolds 

that induce proximity by relying on extensive and direct protein-protein interactions (Figure 1.9). These drugs 

alter the interactome of the ligase or the target, strengthening existing or enabling de novo protein-protein 

contacts, which in the context of a ubiquitin ligase can result in degradation. As molecular glues rely on 

cooperative protein-protein interactions, they are much less dependent on independently ligandable pockets and 

known molecular glues predominantly target previously undruggable proteins (see sections 1.1.10-1.1.12). In 

some regards, the difference between molecular glues and bifunctional degraders is one in degree, not kind, as 

PROTACs can also induce direct protein-protein interactions90,102,103 (Figure 1.10). Yet, differences in size and 

mono- versus bivalency remain to distinguish the classes. A significant disadvantage of molecular glues is that 

they are difficult to find, and all have thus far been discovered serendipitously for a given target, with one 
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notable exception104. In the following sections, the known molecular glue degrader compounds are reviewed 

with a focus on examples that have been structurally characterised to date. 

 

1.1.10 Molecular glues for CRL4CRBN 

Thalidomide was first introduced in West Germany in 1957 as a sedative and antiemetic, and was found to be 

highly teratogenic, affecting more than 10,000 patients before being withdrawn from the market in 1962105. 

Through a series of unexpected discoveries, thalidomide and its analogues re-emerged as powerful therapeutics 

in cancer and haematological malignancies. The long-sought after understanding of their mode of action came 

with the identification of CRBN as the efficacy target of thalidomide by the Handa laboratory106 and subsequent 

structural studies showing that CRBN plays the role of the substrate receptor of the CRL4CRBN E3 ubiquitin 

ligase39,107. Thalidomide and derivatives (termed IMiDs for IMmunomodulatory Drugs) were eventually 

identified to be molecular glue degraders that bind a highly conserved tri-tryptophan pocket on CRBN, with the 

composite CRBN-ligand interface recruiting several different neosubstrates for ubiquitination. Degradation of 

transcription factors Ikaros/Aiolos (IKZF1/3) has been linked to the clinical efficacy of thalidomide analogues 

in multiple myeloma, while Casein kinase 1α (CK1α) is the likely efficacy target of lenalidomide in 5q-

myelodysplastic syndrome39,106–111. 

Structural studies of glue-induced ternary complexes of CK1α44, GSPT1112, Ikaros113, ZNF692113 and 

SALL4114,115 all revealed a structural degron in the neosubstrate comprising a characteristic β-hairpin loop and 

a key glycine residue that engages the otherwise solvent-exposed phthalimide moiety of IMiDs and contacts 

residues lining the IMiD pocket on CRBN (Figure 1.11)44,113. With the help of a relatively small protein-protein 

interface (~350-700 Å2), the compound-bound CRBN complex provides a nanomolar binding platform for 

neosubstrates. 

 
Figure 1.11. DDB1-CRBN-pomalidomide-SALL4ZF2 complex (PDB 6UML)115. The Cɑ of G416 in the β-hairpin loop of 
SALL4ZF2 is shown as a sphere. The BPB domain of DDB1 was omitted for clarity. Important interface residues are shown 
as sticks. Key interactions are marked with dashed yellow lines. The protein-protein interface is 354 Å2, while the 
pomalidomide-SALL4 interface spans 89 Å2.     

 

Arguably the biggest structural class of neosubstrates for CRBN are zinc-finger transcription factors 

(ZF TFs). Structures of thalidomide derivatives with IKZF1, ZNF692 and SALL4 showed that binding of the 
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small and distinct zinc-finger fold is similarly driven by a β-hairpin-containing ZF, while the surrounding ZFs 

appear to facilitate binding in vitro. In cells, only those ZF-containing proteins that carry an additional ZF close 

by were proficient in degradation of the corresponding the full-length protein113,116, but the role of the nearby 

ZFs in specificity and degradation proficiency requires further investigation. Several other Cys2His2 (C2H2) ZF 

TFs have been shown to be degraded by thalidomide and derivatives (Table 1.1). For example, candidate acute 

promyelocytic leukaemia therapeutics CC-647 and CC-3060 have recently been reported to promote ZBTB16 

degradation but each engage different ZF domains117.  Multiple additional ZF proteins were found to bind CRBN 

in vitro, with the engagement being insufficient to drive cellular degradation113,118.  

Many new thalidomide derivatives have been developed in recent years, and several compounds with 

improved efficacy have entered clinical trials119–121 (see Table 1.1 for a complete overview). Following the 

clinical success of early thalidomide analogues, IMiDs have also been successfully modified to recruit novel 

substrates (Figure 1.12). Still, even if apparent specificity is observed in given cell types, many of these 

compounds appear to be intrinsically polypharmacological113. For instance, growing out the isoindolinone 

scaffold of lenalidomide led to the pleiotropic ZF/GSPT1 degrader CC-885112, and later yielded the more 

GSPT1-selective compounds CC-90009122 and ZXH-1-161 (Figure 1.12b)123. Small changes in compound 

structure strongly alter neosubstrate degradation specificity, with a recent report on 5-hydroxythalidomide, a 

thalidomide metabolite, illustrating how the presence of a single hydroxyl leads to a striking change in 

degradation selectivity from IKZF1 to SALL4, possibly explaining the teratogenicity of thalidomide (Figure 

1.12c)114,116. Notably, a recent study reported the elegant, structure-guided modification of CC-885, which 

shows only weak affinity for IKZF2, into ALV1 and ALV2, compounds that robustly degrade IKZF2124 (Table 

1.1, Figure 1.12b). Nevertheless, it remains highly challenging to rationally tune IMiD selectivity or to predict 

which compound will trigger degradation of which subset of β-hairpin containing proteins, and hence to 

rationally decode the relationship between IMiD used and target degraded. Future efforts are required to map 

those β-hairpin-containing proteins in the genome that can be recruited to CRL4CRBN and investigate whether 

the spectrum of structural CRL4CRBN degrons can be further extended, possibly to also target non-glycine 

containing protein loops. 
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Figure 1.12. Modifications of the CRBN surface effected by bound compounds trigger recruitment of various 
neosubstrates. a, CRBN-bound lenalidomide (PDB 5FQD)44, pomalidomide (PDB 6UML)115, and iberdomide (PDB 
5V3O)125. b, CRBN-bound CC-885 (PDB 5HXB)112, CC-90009 (PDB 6XK9)122, and ALV1 (PDB 7LPS)124. c, CRBNTBD-
bound thalidomide (PDB 7BQU) and 5-hydroxythalidomide (PDB 7BQV)114. d, CRBN-bound dBET23 PROTAC (PDB 
6BN7)102. a-e, CRBN is shown in a surface representation with 40 % transparency. The compounds are shown as spheres 
(scale 1.0) and their chemical structures are given under each panel (for dBET23 the chemical structure can be found in 
Figure 1.10b). Neosubstrate degradation selectivity is indicated for each compound. TBD: thalidomide-binding domain.  
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Table 1.1. Chemical diversity and neosubstrate selectivity among known molecular glue degrader classes.  

Compound Chemical structure 
Reported 

degradation 
substrates 

References 

 Molecular glues for CRL4CRBN 

Thalidomide 

 

IKZF1, IKZF3, 
ZNF692, 
ZNF276, 
SALL4, 
RNF166, 
ZBTB16, 

FAM83F, p63 

113,116,126,127 

Lenalidomide 

 

IKZF1, IKZF3, 
ZFP91, 
ZFP692, 
ZNF276, 
ZNF653, 
ZNF827, 
SALL4, 
RNF166, 

WIZ1, CK1ɑ, 
FAM83F, 
RAB28 

108,111,113,116,128,129 

Pomalidomide 

 

IKZF1, IKZF3, 
ZFP91, 
ZFP692, 
ZNF276, 
ZNF653, 
ZNF827, 
SALL4, 
RNF166, 

GZF1, 
ZBTB39, 

ZNF98, WIZ1, 
ZBTB16, 
FAM83F, 
RAB28, 
DTWD1 

108,113,116–118,128,129 

Avadomide 
(CC-122) 

 

IKZF1, IKZF3, 
ZFP91 

130 

5-
hydroxythalidomide 
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114,127 
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Iberdomide 
(CC-220) 

 

IKZF1, IKZF3, 
ZFP91, ZNF98 

116,125 

CC-647 

 

ZBTB16 117 

CC-3060 

 

ZBTB16, 
IKZF1, ZFP91, 

ZNF276 

117 

CC-92480 

 

IKZF1, IKZF3 121 

CC-885 

 

IKZF1, IKZF3, 
GSPT1, CK1ɑ, 
PLK1, HBS1L 

112,122,132 

CC-90009 
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ALV2 

 

IKZF2, IKZF1, 
IKZF3, 

ZNF692, 
ZFN324 

124 

DKY709 

 

IKZF2 133 

 Molecular glues for CRL4DCAF15 

Indisulam 

 

RBM39, 
RBM23 

134–136 

E7820 

 

RBM39, 
RBM23 

135–137 

Tasisulam 

 

RBM39, 
RBM23 

134,135 

CQS 
(chloroquinoxaline 

sulfonamide) 
 

RBM39, 
RBM23 

134 

Cys2-His2 (C2H2) zinc finger-containing proteins are underlined. Only targets that have been shown to be degraded in the 
context of the full-length protein are reported.  
 

The structure activity relationship (SAR) for IMiD-induced complexes is somewhat unusual in that 

mutating the CRBN/neosubstrate interface or using less efficient molecular glue compounds that give rise to 

two- to five-fold weaker neosubstrate recruitment in vitro can trigger steep transitions between degradation 

versus non-degradation in vivo in what appears to be an all-or-nothing manner113. Relatively small changes in 

the binding mode appear to convert already engaged substrates into degraded targets, while at the same time 

rendering other tightly bound neosubstrates less stably engaged and therefore not degraded113. 

As described in section 1.1.2, CRL activity is regulated by the CSN in a manner whereby ligases that 

are engaged with substrates remain neddylated, while idle CRLs are de-neddylated138. Thalidomide-induced 

substrate complexes have been shown to be sufficiently substrate-like to maintain the ligase in a neddylated and 

active state138. All glue-induced neosubstrates for CRLs must pass this substrate criterion, and it is unclear to 

N
HN

O

O

O
N
H

HN

O

Cl

O

H
N

N
HN

O

O O

N

S

Cl

N
H

NH

O

O

S
O

O NH2

S
HNH

N

N

N

O

O

E7820

ClCl

N
H

O

S
O

O

S
Br

Tasisulam

Cl N

N
NH

S
O

O

NH2

CQS
(chloroquinoxaline sulfonamide)



 32 

what extent very small domains or linear peptides are sufficiently good mimics to support the ubiquitination 

process38,138,139. Analogously, other components of the ubiquitin-proteasome system such as p97, an ATPase 

involved in ubiquitinated substrate extraction140, and the proteosome also require the neosubstrate to be 

recognized as sufficiently substrate-like to enable efficient degradation100.  

 

1.1.11 Molecular glues for CRL4DCAF15 

Following the discovery of thalidomide analogues and their mechanism of action, aryl sulphonamides such as 

indisulam and E7820 were found to drive degradation of the essential RNA-binding protein RBM39 (RNA 

Binding Motif Protein 39) and RBM23 by the CRL4DCAF15 E3 ubiquitin ligase134,136,141. Structural studies of 

DCAF15‐DDB1‐DDA1 in complex with RBM39 and indisulam or E7820 found that aryl sulphonamides 

functionalise a shallow, non-conserved cavity on DCAF15 to selectively recruit the splicing factors through an 

α-helical degron motif on the RRM2 domain42,137,142 (Figure 1.13). Both α-helices and β-hairpins, the two 

elemental units of protein folds, are thus principally readable by protein-ligand interfaces143.  

 

 

Figure 1.13. DDB1-DDA1-DCAF15-E7820-RBM39 complex (PDB 6PAI)42. Important interface residues are shown as 
sticks. Key interactions are marked with dashed yellow lines. The protein-protein interface spans 995 Å2, while the glue-
RMB39 interface spans 146 Å2.   

 

All RBM39 degraders reported thus far contain the aryl sulphonamide moiety, with the sulfonyl 

oxygens hydrogen-bonding with backbone nitrogen atoms of DCAF15 and the sulfonyl nitrogen interacting 

with RBM39 side chains via water-mediated hydrogen bonds (Table 1.1). In contrast to IMiDs being high-

affinity CRBN binders, aryl sulphonamides have only a low affinity for the isolated DCAF15 receptor (~3 µM 

for E7820, >50 µM for indisulam)137. These findings demonstrate that molecular glue degraders do not critically 

depend on high-affinity interactions, and this conceptually paves the way for pursuing traditionally non-

ligandable ligases for targeted protein degradation. The low binary affinity of aryl sulphonamides to DCAF15 

is mitigated by an extensive network of hydrophobic DCAF15-RBM39 interactions, yielding a high-affinity 

ternary complex. The DCAF15 interface with RBM39/23 is not highly conserved, suggesting a drug-induced 

neomorphic binding event137.  
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In the case of IMiDs, a portion of the CRBN-bound glue molecule protrudes into the solvent allowing 

for recruitment of diverse proteins possessing the β-hairpin structural degron. In contrast, sulphonamides are 

buried within a shallow groove of DCAF15 and appear to only recruit neosubstrates that exhibit a particular 

geometry. Thus far, the buried nature of the compound and the extensive protein-protein interaction interface 

have made it difficult to tune the degradation selectivity by modifying the compound to direct the CRLDCAF15 

ligase to other RRM2 proteins or beyond. The enclosed nature of the cavity further makes it challenging to turn 

aryl sulphonamides into PROTAC warheads, although a PROTAC thought to engage DCAF15 was recently 

reported144. 

 

1.1.12 BCL6 degraders 

BI-3802 is a small molecule that binds the BTB domain of the oncogenic TF BCL6 and results in its proteasomal 

degradation145. A recent report, concomitant with the work presented herein, revealed that the compound 

induces polymerization, sequestration into cellular foci, and subsequent degradation of BCL6146. The TF was 

reported to be a substrate for the E3 ubiquitin ligase SIAH1, with the BI-3802-induced formation of BCL6 

filaments strongly facilitating BCL6 ubiquitination by SIAH1 and its subsequent degradation. Cryo-EM studies 

showed that the solvent-exposed dimethylpiperidine moiety of BI-3802 drives polymerisation through direct 

hydrophobic interactions with distal amino acids of an adjacent BCL6 dimer (Figure 1.14). Further modelling 

explained the lack of polymerisation with BI-3812, a closely related bona fide BCL6 inhibitor, by revealing a 

steric clash between the extended carboxamide group and residues of the adjacent BTB dimer. BI-3802 is thus 

an example of a target-binding compound that, upon modification of its solvent-facing moiety, shows 

gain-of-function molecular glue activity leading to enhanced target inactivation. It will be important to 

investigate whether other BTB domains as well as other protein folds share a small molecule-induced 

polymerisation-dependent mechanism of degradation and to uncover what governs these reprograming 

processes.  
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Figure 1.14. Structure of two BTB dimers brought together by BI-3802146. Left close-up panel: BI-3812 at the dimer 
interface. BCL6 residues R28 (BTBγ), E41 (BTBβ), Y58 (BTBδ) are shown as sticks. Right close-up panel: model of BI-
3812 at the dimer interface. The inhibitor was docked to the crystal structure of BCL6 BTB (PDB 5MW2) and was 
modelled at the interface by superposition of BTB domains. The solvent-exposed moiety of BI-3812 clashes with a helix 
of BTBβ.   

 

1.1.13 Other molecular glue degraders  

The preceding sections focused on well-studied molecular glue degrader examples, for which structural 

information exists. However, multiple other compounds have been proposed to function through a similar 

mechanism, and a selected few will be briefly discussed below.  

A compound postulated to degrade the transcription factor heat shock factor 1 (HSF1) has recently been 

described147. While DTHIB (Figure 1.15a) was originally developed as an inhibitor, the study found that it 

selectively degraded the nuclear fraction of HSF1 in a proteasome-dependent manner, likely by strengthening 

the interaction with its endogenous ubiquitin ligase FBXW7.   

UM171 (Figure 1.15b) is a compound promoting the expansion of haematopoietic stem cells (HSCs) 

through a hitherto undefined mechanism, and UM171-expanded HSCs are currently in clinical trials for 

haematological disorders148. Recently, it has been proposed that UM171 causes the polyubiquitination and 

proteasomal degradation of RCOR1, LSD1, and HDAC2, all of which are components of the chromatin 

remodelling complex CoREST149,150. A subsequent study postulated that this degradation is dependent on the 

CUL3KBTBD4 ligase and showed that through CoREST degradation, UM171 can re-establish H3K4me2 and 

H3K27ac marks in HSCs ex vivo, leading to prolonged cell self-renewal149. 

GDC-0077 and taselisib (Figure 1.15c) are inhibitors of the PI3K catalytic subunit p110⍺. A recent 

study from Genentech demonstrated that these compounds cause selective degradation of mutant p110⍺ while 
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sparing the wild-type protein151. The degradation was dependent on the activity of the proteasome and E1 

enzyme, as well as on the receptor tyrosine kinase-mediated recruitment of mutant p110⍺ to the membrane151.  

For all the putative molecular glue degraders described above, more research will be needed to ascertain 

their precise mode of action. Biochemical reconstitutions and, ultimately, structural studies, will serve to verify 

whether they function through promoting direct target-ligase association.     

 

 
Figure 1.15. Examples of compounds postulated to work as molecular glue degraders.  

 

Additionally, a compound (structure and name pending disclosure) that promotes complex formation 

between VHL and the cysteine dioxygenase CDO1 has recently been identified by Novartis using protein 

microarrays152. It is unclear whether degradation of CDO1 can confer any therapeutic benefit, but this discovery 

illustrates that molecular glue degraders are likely to exist for many E3 ligases beyond the most widely exploited 

example, CRBN. 

 

1.2 Cyclin-dependent kinases  

1.2.1 The CDK family 
Cyclin-dependent kinases (CDKs) are a family of evolutionarily conserved serine-threonine kinases involved 

in regulating many essential cellular processes. The human genome encodes 21 CDKs, which can be broadly 

divided into kinases that regulate cell cycle progression (e.g. CDK1-3, CDK4/6), and transcriptional regulators 

(CDK7-13, CDK19-20)153,154.  

All CDKs are dependent on association with regulatory subunits, typically their cognate cyclin, for 

activity. The expression of cyclins that heterodimerise with cell-cycle CDKs (mainly cyclins A, B, D, E) 

markedly varies across the cell cycle (Figure 1.16), and these changes constitute a key driver of cell cycle 

progression.  
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Upon mitogenic signals, CDK4 and CDK6 promote entry into the cell cycle155. The CDK4/6-cyclin D 

complexes orchestrate the phosphorylation of multiple substrates, most notably of the tumour suppressor 

retinoblastoma protein (Rb), which unleashes gene expression governed by the E2F TFs, thereby initiating the 

transcription of cyclins A and E156,157. Cyclin E subsequently activates CDK2, contributing to the initiation of 

DNA replication158. Then, CDK1 associates with cyclin A to enact target phosphorylation in G2 phase, and the 

CDK1-cyclin B complex facilitates the progression into mitosis158. Degradation of cyclin A is finally required 

for anaphase progression and the generation of two daughter cells159. Various checkpoints can inhibit cell cycle 

CDK activity and thus halt the cycle progression, for instance through increased expression of CDK inhibitors 

such as p27 or Ink4158.  

 

 
Figure 1.16. Expression levels of cyclins associated with CDK1, CDK2, and CDK4/6 vary across the cell cycle. The figure 
is based on 160.  

 

Beyond its paramount role in cell cycle progression, the CDK family is involved in transcriptional 

regulation, primarily through the phosphorylation of the C-terminal domain (CTD) of RNA polymerase II 

(RNAPII)161. RNAPII activity across the distinct stages of transcription (initiation, elongation, and termination) 

is dependent on the phosphorylation state of serine residues in the heptad repeats (YSPTSPS) in its CTD162. 

Phosphorylation of Ser5 (serine at position 5) by CDK7 is required for the initiation of transcription, while Ser2 

phosphorylation, enacted by CDK9, CDK12, and CDK13, supports elongation163,164. The expression of cyclins 

that associate with transcriptional CDKs is constant throughout the cell cycle, but the name persists due to their 

structural similarity to cyclins A, B, E, and D.  

CDKs assume a bilobal structure common to all kinases. The kinase domain comprises an N-lobe 

(containing a β-sheet and an ⍺C helix), a C-lobe (consisting of multiple ⍺-helices), and a hinge region (Figure 

1.17a)165. The hinge, located between the two lobes, contains several conserved residues essential for ATP 

binding and catalytic activity. In the absence of a cyclin, the CDK remains in an inactive conformation, whereby 

the T-loop (also known as the activation loop) occludes the active site (Figure 1.17a)166. Upon cyclin 

association, the T-loop conformation changes from closed to open, allowing for substrate binding and ATP 

hydrolysis (Figure 1.17b)167. While for most kinases such a conformational change is associated with a so-

called DFG flip, this has not been observed for most CDKs so far. The conserved DFG (Asp-Phe-Gly) motif, a 
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principal regulatory structure that modulates kinase activity, is involved in ATP binding, with the aspartic acid 

residue (D of the DFG) able to interact with Mg2+ ions coordinated to ATP only in the DFG-in (aspartate 

pointing into the active site) conformation (Figure 1.17c). As the DFG motif is located at the N-terminal end 

of the T-loop, the movement of the loop typically corresponds to a change from a DFG-out (inactive) to a 

DFG-in (active) conformation. However, for CDKs, the DFG-out conformation was postulated to be 

inaccessible, with a crystal structure of monomeric CDK2 revealing a DFG-in conformation with the T-loop in 

a closed conformation (Figure 1.17a)165,168. For full activity, CDKs additionally require phosphorylation of a 

threonine residue in their T-loop, which can be accomplished by the CAK complex (CDK7-MAT1-cyclin H) 

or through autophosphorylation in the case of some CDKs. The T-loop phosphorylation stabilises the CDK-

cyclin complex and can also stabilise a CDK-bound substrate (Figure 1.17b)169.  

 

 
Figure 1.17. CDK structure and activation by cyclin binding. a, Crystal structure of inactive, monomeric CDK2 (PDB 
1HCL)168. In the cyclin-free form, the ⍺C (PSTAIRE) helix and the T-loop occlude the active site. b, Active CDK2-cyclin 
A structure (PDB 1JST169). Upon cyclin binding, the T-loop flips and the ⍺C helix forms a part of the CDK-cyclin interface, 
rendering the CDK active site accessible. This conformation is stabilised by T-loop phosphorylation (T160-P). c, Zoomed-
in view on the active site of the structure presented in (b). This illustrates the DFG-in conformation, and the aspartic acid 
and phenylalanine residues of the DFG motif are shown as sticks.   
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1.2.2 The roles of CDK12/13-cyclin K 
CDK12 (also known as CRK7 and CrkRS) and CDK13 (CDC2L5, CHED) are paralogues that both pair with 

cyclin K to phosphorylate Ser2 in the CTD of RNAPII and therefore regulate transcription170. CDK12 and 

CDK13 are unusually large for CDKs (1490 and 1512 aa, respectively) and, in addition to a central kinase 

domain, they feature additional arginine/serine (RS), proline-rich (PR), serine-rich (SR; CDK13 only) and 

alanine-rich (A; CDK13 only) motifs thought to function as protein-protein interaction domains (Figure 

1.18)171. CDK12 and CDK13 display 43% sequence identity overall, with the kinase domain being 93% 

identical172. While CDK12 is widely and highly expressed 173, the data for CDK13 is less clear174. The two 

kinases have partially overlapping roles, and this redundancy likely explains why individually CDK12/13 are 

not pan-essential genes (essential in 605/1086 (CDK12) and 66/1086 (CDK13) cancer cell lines according to 

the DepMap database)175.   

Cyclin K is the obligate cognate cyclin of CDK12/13. However, it may also exert additional independent 

functions as discussed below. CCNK (cyclin K) is a common essential gene, with the knockout shown to be 

lethal in 1085 out of the 1086 tested cancer cell lines175. Cyclin K knockout was also demonstrated to have an 

embryonic lethal phenotype in mice176. The level of cyclin K expression is low in non-proliferative tissues and 

correlates with proliferation174,177, with one study showing that it is expressed in mammalian testes in a 

developmentally regulated manner177. Another report found cyclin K to be essential for embryonic stem cell 

maintenance, with its knockout inducing differentiation178. Cyclin K was also shown to have a long half-life 

and, unlike other cyclins, its abundance is not regulated by proteasomal degradation (c.f. cyclin A and APC/C 

or cyclin D and APC/C, AMBRA1, Fbxo4, Fbxo31, ß-TrCP)174,179. 

 

 
Figure 1.18. Schematic diagram of the domain organisation of CDK12, CDK13 and cyclin K. RS: arginine/serine-
rich motif, PR: proline-rich motif, A: alanine-rich motif, SR: serine-rich motif, CB: cyclin box. RS are frequently found in 
proteins that regulate mRNA splicing180. PRs commonly exist in proteins involved in signal transduction181.  

 

While in invertebrates only CDK12 is present, vertebrates possess the paralogues CDK12 and CDK13, 

which have both distinct and overlapping roles171. Beyond RNAPII phosphorylation, CDK12 and CDK13 are 

involved in controlling co-transcriptional processes, such as mRNA splicing or 3’-end RNA processing, and 

these roles are briefly discussed below.     
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Genetic depletion of CDK12 or CDK13 showed that both CDKs regulate the expression of ca. 1000 

overlapping genes (including those implicated in RNA processing), whilst each kinase additionally regulates a 

distinct subset176,182. CDK13 depletion, but not CDK12 depletion, results in decreased expression of genes 

encoding proteins that regulate protein translation, while CDK12 loss but not CDK13 loss is associated with the 

decreased expression of DNA damage response (DDR) genes182. It has been shown that upon CDK12 loss or 

inhibition, transcription shows length-dependent elongation defects, defaulting to premature cleavage or 

polyadenylation183. This is thought to principally affect the transcription of DDR genes, which are typically long 

and contain many exons183.  

CDK12/13 have additional important roles in RNA processing. On one hand, these kinases act indirectly 

through phosphorylation of RNAPII, which in turn recruits processing factors (e.g. CsfF-64 and CstF-77)184,185. 

Alternatively, CDK12/13 can modulate RNA processing via physical interactions with other factors through the 

RS domain182,184–186. CDK12 was found to co-localise with the splicing factor SC35 (also known as SRSF2187), 

and to bind in exon junction complexes with other splicing factors182,186. Moreover, CDK12 also regulates the 

translation of several mRNAs188. Accordingly, CDK12 loss, but also the truncation of its N-terminal RS domain, 

was shown to cause mRNA splicing and 3’-end processing defects185.  

Interestingly, a recent study demonstrated that CDK12-cyclin K mediates phosphorylation of cyclin E 

to block its interaction with CDK2 during pre-replication complex assembly174. CDK12-cyclin K thereby 

indirectly control cell cycle progression by interfering with the formation of the CDK2-cyclin E complex. 

Moreover, another study found that CDK12 regulates the ability of RNAPII to synthesise core DNA replication 

genes (such as CDT1, CDC6 or TOPBP1) and therefore controls G1/S progression189. Hence, the catalytic 

activity of CDK12-cyclin K provides a distinct link between the regulation of transcription and cell cycle 

progression.  

 

1.2.3 CDK12-cyclin K as a biomarker and therapeutic target  

In cancer, CDK12 has the highest alteration frequency among all CDK190. Reported abnormalities include 

mutations, rearrangements, deletion, amplification, and fusions and have been found in multiple malignancies, 

e.g., ovarian carcinoma, metastatic lung adenocarcinoma, gastric, breast, cervical, prostate, and colon 

cancer170,191–199. Interestingly, CDK12 can exhibit both tumour-suppressive and oncogenic properties (Figure 

1.19). Inactivation of CDK12 (e.g. through loss-of-function mutations) leads to genomic instability as 

downregulation of DDR genes causes impairment of homologous recombination (HR) and appearance of focal 

tandem duplications (FTDs)200. Conversely, CDK12 overexpression results in increased expression of 

oncogenes, given that CDK12 is an important regulator of multiple signalling pathways that govern cancer cell 

proliferation201. For example, the kinase has been shown to regulate the expression of the important cancer 

driver c-Myc201 as well as to modulate NF-κB activity via controlling the expression of NIK (MAP3K14) and 

p100 (NFκB2), key activators of the non-canonical NF-κB pathway202. CDK12 was also reported to activate the 

ErbB-PI3K-AKT and Wnt/β-catenin signalling pathways via RNAPII phosphorylation, allowing breast cancer 
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cells to maintain stemness and develop resistance to anti-HER2 therapy196. Activation of the Wnt pathway could 

be ascribed to CDK12 promoting the synthesis of Wnt ligands, with subsequent pathway activation causing 

upregulation of β-catenin, c-Myc, and cyclin D1, as well as to CDK12 inactivating DNAJB6, a protein involved 

in β-catenin degradation, through alternative last exon splicing196,203. Additionally, CDK12 was postulated to 

directly interact with and phosphorylate PAK2, an oncogene in gastric cancer, and thereby activate the MAPK 

pathway199.  

 

Figure 1.19. CDK12 has both oncogenic and tumour-suppressive properties in cancer. Created with BioRender.com 

 

As CDK12 loss leads to DDR deficiency, CDK12 is a potential therapeutic target for cancers with HR 

pathway defects. However, it can also be exploited through various synthetic lethality approaches. For example, 

CDK12 inhibition sensitizes cells to PARP inhibition and cisplatin204,205 and patients with CDK12 mutations 

were shown to respond better to platinum-based chemotherapy204. CDK12 mutations are also a predictor of 

sensitivity to CHK1 inhibitors206. Recent studies show that the presence of FTDs and the resulting gene fusions 

increases neoantigen load in ovarian and prostate cancers, making CDK12 a possible biomarker of sensitivity 

to immune checkpoint inhibitors, such as programmed cell death-1 (PD-1) inhibitors, in these 

malignancies200,207. Inhibition of transcriptional CDKs was also postulated to be beneficial for cancers that are 

strongly dependent on transcriptional programs for oncogenesis, e.g. tumours that rely on aberrant transcription 

factor expression. Accordingly, CDK12 inhibition showed effectiveness in MYCN-dependent neuroblastoma208 

and knockouts of CDK12 or cyclin K showed synthetic lethality with c-Myc overexpression209. Moreover, 

CDK12-targeting compounds effectively inhibited EWS/FLI-dependent DDR in Ewing sarcoma, demonstrating 

synthetic lethal effects210. Several of these approaches are currently being explored in preclinical and clinical 

studies, as described in section 1.2.9. 

Beyond oncology, CDK12 was identified as a therapeutic target in myotonic dystrophy DM1, a disease 

characterised by accumulation of the wrongly transcribed dystrophia myotonic protein kinase211. A recent report 
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described a significant reduction in nuclear foci formation upon a pan-CDK inhibitor treatment212. The study 

identified CDK12 as the relevant target, with CDK12 levels also found to be elevated in muscle biopsies from 

DM1 patients212.  

Cyclin K has been reported to be frequently overexpressed in cancer cells174,213. While the cyclin is not 

considered to be a classically druggable protein due to the lack of ligand-binding cavities, it can be indirectly 

targeted via the inhibition of its cognate kinases. However, beyond its roles alongside CDK12 and CDK13, 

cyclin K may exert additional functions independently or through interactions with other kinases such as 

CDK9214. Several examples of the latest discoveries on the roles and interactions of cyclin K are listed below.  

Recently, CCNK emerged as a gene implicated in a novel neurodevelopmental disorder215. The 

syndrome, involving facial dysmorphism and intellectual and motor impairment, was attributed to heterozygous 

deletions or mutations in CCNK. In one patient, the mutated residue (K111E) was located at the cyclin K-CDK 

interaction interface, indicating that the syndrome could result at least partly from the impairment of CDK12/13 

activity215. Moreover, a study by Hoshii et al. described the interaction of cyclin K with SETD1A, a histone 

methyltransferase, and SET1D was postulated to recruit cyclin K to chromatin to effect the expression of DNA 

damage response genes216. Notably, loss-of-function mutations in SETD1A and CCNK deficiency have 

overlapping phenotypes characterised by intellectual disability217.  

A recent publication also described a novel role for cyclin K in lung cancer and reported that cyclin K 

is often overexpressed and relates to poor prognosis in patients213. The study identified a direct protein-protein 

interaction between cyclin K and ß-catenin that leads to ß-catenin stabilisation and subsequent induction of 

cyclin D1 expression, which in turn facilitates tumourigenesis213. The authors postulate this as the molecular 

mechanism of radiotherapy resistance in lung cancer, highlighting cyclin K as a potential biomarker in lung 

cancer therapy.  

The complex roles of CDK12-cyclin K, partly overlapping and partly distinct from other CDKs, 

highlight the importance of the development of selective inhibitors for their effective modulation. It also remains 

to be determined whether the direct therapeutic targeting of cyclin K over CDK12/13 inhibition, should it 

become possible, offers any added therapeutic benefit.  

 

1.2.4 Structural insights into CDK12/13-cyclin K  
To date, several structures of CDK12-cyclin K and CDK13-cyclin K in their apo or ligand-bound form have 

been solved by X-ray crystallography (Table 1.2; Figure 1.20a, b). Structural studies, all utilising solely the 

kinase domain of the CDKs, revealed that they assume the same overall heterodimeric arrangement as other 

CDK-cyclin complexes (c.f. Figure 1.17b). One distinctive feature of CDK12/13 is an extension of the kinase 

domain towards the C-terminus (amino acids (aa) 1027-1052 in CDK12, referred to as the C-terminal tail or C-

terminal extension in the literature and herein, although it is an internal fragment when considered in terms of 

the ca. 1500 aa full-length protein). Importantly, in CDK12 this C-terminal tail displays significant 

conformational variability among the solved structures, ranging from highly mobile and therefore absent from 
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the crystal structure (Figure 1.20c), to wrapping around the kinase domain (Figure 1.20d), to enclosing the 

active site and directly contacting the bound ligand (Figure 1.20e)218,219. In the lattermost case, a histidine 

(H1040) residue in the CDK12 C-terminal extension was found to interact with the nucleotide cofactor through 

hydrogen bonding interactions, suggesting the tail could function to stabilise the bound ligand (Figure 1.21a, 

b, e)219. Accordingly, truncation of the C-terminal extension led to the loss of kinase activity, with truncation 

from 1082 to 1063 only minimally affecting catalytic activity, while restricting the construct further to 1044 led 

to a four-fold loss of activity218,219.  

 
Table 1.2. Published structures of CDK12, CDK13, or cyclin K. 

Proteins Ligand PDB code and reference Figure panel 

CDK12-cyclin K 

- 4UN0219 Figure 1.20c 
AMP-PNP 4CXA219 Figure 1.20d, e 

ADP-AlF3 4NST218 
Figure 1.20a, 
Figure 1.21a 

THZ531 5ACB220 Figure 1.23b 
“Compound 5” 6B3E221 Figure 1.24b 
“Compound 29” 6CKX222 Figure 1.24d 

BSJ-01-175 7NXK223 Figure 1.23d 

CDK13-cyclin K 
ADP-AlF3 5EFQ172 

Figure 1.20b, 
Figure 1.21b 

THZ531 7NXJ223 Figure 1.23c 
Cyclin K - 2I53224 - 
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Figure 1.20. Overview of CDK12/13-cyclin K structures and the conformational flexibility of the CDK12 C-terminal 
extension. a, Crystal structure of the human CDK12-cyclin K complex bound to ADP-AlF3 (PDB 4NST)218. b, Crystal 
structure of human CDK13-cyclin K complex bound to ADP-AlF3 (PDB 5EFQ)172. c, Crystal structure of the human apo 
CDK12-cyclin K complex with the C-terminal extension not observed (PDB 4UN0)219. d, CDK12-cyclin K complex 
expected to be bound to AMP-PNP but crystallised in the apo state, with the C-terminal tail wrapping around the kinase 
domain (PDB 4CXA, chains C and D)219. e, CDK12-cyclin K complex bound to AMP-PNP, with the C-terminal tail 
enclosing the active site and contacting the ligand (PDB 4CXA, chains A and B)219. 

 

 
Figure 1.21. Binding mode of endogenous ligands to CDK12/13. a, Crystal structure of human CDK12-cyclin K 
complex bound to ADP-AlF3 (PDB 4NST)218. b, Crystal structure of human CDK13-cyclin K complex (PDB 5EFQ)172.  
 



 44 

1.2.5 Therapeutic targeting of CDK12/13-cyclin K 
Therapeutic targeting of kinases has been hindered by the fact that the kinase domain fold and the geometry of 

the active site are highly similar among this large protein superfamily225. Within the CDK family itself, the 

development of selective inhibitors has been particularly challenging due to the high conservation of key 

residues and severe off-target effects associated with spurious inactivation of cell-cycle CDKs. The careful 

fine-tuning of all substituents is required in each case to impart selectivity towards a particular CDK, a process 

aided considerably by the increasing availability of structural data226. Thus far, the only FDA-approved 

CDK-targeting drugs are four CDK4/6 inhibitors: palbociclib (Ibrance, Pfizer), ribociclib (Kisqali, Novartis), 

abemaciclib Verzenio, Eli Lilly) and trilaciclib (Cosela, G1 Therapeutics). Their clinical progression as cancer 

therapeutics was facilitated by the clear understanding of the paramount role of CDK4/6 in the G1 cell cycle 

arrest and by the fact that dual selective inhibitors could be obtained. Multiple other CDK inhibitors, many of 

which are multi- or pan-selective, are currently in clinical trials226,227.  

The majority of CDK inhibitors are the so-called type I, ATP-competitive inhibitors. Such compounds 

bear moieties able to form two critical hydrogen bonding interactions with the hinge region of the kinase akin 

to endogenous ligands (Figure 1.22a), such as e.g. pyrimidin-2-amine, 1H-pyrazole, or pyrazolo[1,5-

a]pyrimidin-7-amine (Figure 1.22b). Inhibitors based on these scaffolds partly mimic the binding mode of 

nucleotide cofactors (Figure 1.22c, d). Compounds that act via a covalent binding mechanism have also been 

developed to enhance inhibition selectivity (Figure 1.22d), as the biggest challenge in the therapeutic targeting 

of CDK12 has been achieving selectivity over other related CDKs such as CDK9 or CDK2. The following 

sections briefly review CDK12/13 inhibitors with a focus on structurally characterised examples.   
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Figure 1.22. CDK inhibitors and their binding mode. a, Annotated chemical structure of ADP with the kinase interaction 
sites indicated in different colours. b, Typical kinase inhibitory scaffolds among CDK-targeting drugs under clinical 
investigation. All scaffolds exhibit a hydrogen bond donor-hydrogen bond acceptor pattern that enables productive 
interactions with the hinge region of the kinase227. c, Example of an ATP-competitive CDK12 inhibitor with chemical 
moieties assigned to the CDK active site regions they occupy or contact based on the co-crystal structure. d, As in (c) but 
for a covalent CDK12 inhibitor THZ531.  
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1.2.6 Covalent inhibitors  
Five covalent inhibitors that target CDK12/13 have been described to date (Figure 1.23a) and all take advantage 

of the C-terminal tail of the kinase bearing a single cysteine residue (Cys1039 in CDK12 and Cys1017 in 

CDK13) being proximal to the active site. This feature differentiates CDK12 and CDK13 from other kinases in 

the family, offering a path to the selective targeting of CDK12/13.  

 

 
Figure 1.23. Covalent inhibitors of CDK12/13. a, Chemical structures of five known covalent inhibitors of CDK12/13. 
b, Crystal structure of the CDK12-cyclin K complex bound to THZ531 (PDB 5ACB)220. Interactions with the hinge 
methionine residue are shown in pink dashes. The C-terminal tail of the kinase is shown in cyan with the covalently 
modified cysteine residue depicted in a sticks representation. c, as in (b) but CDK13-cyclin K complex bound to THZ531 
(PDB 7NXJ)223. d, as in (b) but CDK12-cyclin K bound to BSJ-01-175 (PDB 7NXK)223.   

 

First, a covalent inhibitor developed for CDK7, THZ1, was found to also target CDK12/13228. 

Substituting the phenylbenzamide moiety in THZ1 with a phenyl(1-piperidinyl)methanone yielded a potent and 

CDK12/13-selective covalent inhibitor THZ531220. As the pharmacokinetic properties of THZ531 precluded 

animal studies223,229, the scaffold was further evolved to BSJ-01-175, CDK12/13-selective covalent inhibitor 

with demonstrable efficacy in vivo223. A distinct inhibitor E9 was then developed based on a pleiotropic non-

covalent CDK inhibitor dinaciclib, with the aim of designing a compound that is not subject to ABC transporter-

mediated efflux, a phenomenon observed to give rise to resistance to the THZ compound series230. The final 

covalent inhibitor, MFH290, was developed based on THZ531 and a pan-CDK inhibitor SNS032231.  However, 

the compound again showed poor pharmacokinetics and lacked stability in vivo231. The above compounds bind 

the active site of the kinase, primarily via two hydrogen bonding interactions with the hinge region (Met816 in 
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CDK12 and Met794 in CDK13), and also extend out of the pocket, forming a covalent bond to the C-terminal 

tail’s cysteine residue (Figure 1.23b-d).   

 

1.2.7 ATP-competitive inhibitors  

Several non-covalent, ATP-competitive inhibitors for CDK12/13 have also been reported. However, most of 

these compounds are pleiotropic and target multiple CDKs, while none can effectively differentiate between 

CDK12 and CDK13232. All are type I inhibitors, meaning that they bind the active, DFG-in conformation of the 

kinase. Type II inhibitors, which bind to an inactive, DFG-out kinase conformation are rarely observed for 

CDKs, likely due to the bulky nature of their gatekeeper residue (phenylalanine in almost all CDKs). This is 

thought to limit the compound’s access to the hydrophobic back-pocket and disfavour the inactive, DFG-out 

conformation of the kinase in the presence of ligands (the sorafenib-CDK8-cyclin C structure is a notable 

exception in the CDK family233). Interestingly, as CDK12/13 were discovered several years after most other 

CDK family members, many CDK inhibitors were not tested against these CDKs during selectivity profiling 

and only later found to possess cryptic CDK12 inhibitory activity. 

In 2016, a pan-CDK inhibitor dinaciclib (Figure 1.24a) was reported to be a potent inhibitor of 

CDK12234. SR-3029 (Figure 1.24a), a dual CK1δ/CK1ε inhibitor, was also found to target CDK12, yet with 

little potency at physiological ATP concentration221,235. In a 2018 study, AstraZeneca took an interesting 

approach of hybridising dinaciclib with SR-3029 to achieve both high potency and family selectivity (Figure 

1.24a)221. The process, followed by some optimisation, yielded “Compound 5”, which was subsequently 

crystallised with CDK12-cyclin K. The structure revealed the expected hinge interactions of the purine core and 

showed the 2-(2-piperidinyl)ethanol moiety occupying the ribose pocket (Figure 1.24b). The 

difluorobenzimidazole substituent, postulated to be a determinant of family selectivity, is largely solvent-

exposed, forming hydrogen bonds with Tyr815 and Asp819, as well as possibly contacting Trp1038 of the C-

terminal tail (Figure 1.24b)221. The ethyl substituent was later replaced with an isopropyl group (“Compound 

7”), leading to improved selectivity but decreased potency 221.  
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Figure 1.24. ATP-competitive CDK12 inhibitor optimisation. a, Chemical structures of dinaciclib, SR-3029, and two 
compounds resulting from their hybridization. b, Binding mode of “Compound 5” to CDK12-cyclin K (PDB 6B3E)221. c, 
Chemical structures of the initial hit (“Compound 1”), optimised inhibitor (“Compound 2”), and an intermediate derivative 
(“Compound 29”). The benzyl urea moiety (orange highlight) of “Compound 2” contributes to CDK12 versus CDK2 
selectivity. d, Binding mode of “Compound 29” to CDK12-cyclin K (PDB 6CKX)222.    

 
Later in 2018, a series of trisubstituted urea derivatives was reported as novel CDK12 inhibitors222. The 

initial hit (“Compound 1”) (Figure 1.24c) was identified through high-throughput screening (HTS), yet it also 

showed strong CDK2 inhibition (IC50 (CDK12) = 0.36 μM versus IC50 (CDK2) = 0.01 μM). Hit optimisation yielded 

“Compound 2” (CDK12 IC50 = 0.052 μM, CDK13 IC50 = 0.010 μM, CDK2 IC50 > 100 μM), with CDK12 versus 

CDK2 selectivity achieved through replacing the sulphonyl group with a benzyl urea moiety (Figure 1.24c). 

An intermediate derivative, “Compound 29”, was crystallised in complex with CDK12-cyclin K to reveal the 

expected hinge contacts, as well as a hydrogen bonding interaction of the oxygen atom of the acetyl group with 

the backbone of Asp819 (Figure 1.24d).   
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Multiple studies additionally tested panels of published CDK inhibitors against CDK12-cyclin K. 

Bosken et al. found that flavopiridol, an ATP-competitive kinase inhibitor derived from a natural alkaloid 

Rohitkine predominantly active on CDK9, also targets CDK12 (Figure 1.25a)218. Other compounds, such as 

purvalanol A, purvalanol B, and procaterol, a β2 adrenergic receptor agonist, were also shown to inhibit CDK12 

(Figure 1.25a, b)218.  

In a recent study conducted by Biogen, a HTS for inhibitors of the non-canonical NF-κB pathway was 

undertaken202. It yielded 919278 (Figure 1.25c), a small molecule later identified to be a CDK12 inhibitor, and 

reported that 919278 selectively inhibits non-canonical pathways while preserving canonical NF-κB 

signalling202. Notably, the S enantiomer of the compound (702697) showed very limited activity, highlighting 

the importance of stereochemistry for its inhibition of CDK12 (Figure 1.25c)202. 

 

 

Figure 1.25. Chemical structures of other ATP-competitive CDK12 inhibitors. a, Examples of compounds identified 
by Bosken et al. to inhibit CDK12, including flavopiridol, purvalanol A, and purvalanol B. b, Procaterol, a β2 adrenergic 
receptor agonist. c, CDK12/13 inhibitor 919278 and its inactive enantiomer 702697202. d, A pan-CDK inhibitor roscovitine 
and its potent derivative CR8. e, SR-4835, a CDK12/13-selective inhibitor. 
 

One compound that will be discussed extensively in Chapter 2 is CR8, a CDK inhibitor discovered as 

a much more potent analogue of a pan-CDK inhibitor roscovitine (Figure 1.25d). Despite extensive research, 

the reason for its increased potency could not be identified236–241. CR8 was later discovered to also modestly 

inhibit CDK12218, yet this finding still did not account for its unusually high cytotoxicity.     
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In 2019, the Duckett laboratory identified SR-4835 (Figure 1.25e) as a potent dual inhibitor of 

CDK12/13 (Kd (CDK12) = 98 nM, Kd (CDK13) = 5 nM)242. Studies in a triple-negative breast cancer (TNBC) patient-

derived xenograft models showed the compound displays suitable pharmacokinetics and efficacy both as a 

single agent and in combination with other drugs242. These results provided a robust preclinical proof-of-concept 

for the use of CDK12/13 inhibitors in TNBC.   

 

1.2.8 PROTACs 

With the recent emergence of CDK12 as a therapeutic target, two PROTACs targeting the CDK12-cyclin K 

complex have been described (Figure 1.26). There are two main advantages of targeting CDK12 using 

degraders. Firstly, CDK12 degradation abrogates both kinase-dependent and kinase-independent functions of 

the protein. Secondly, due to the reliance on protein-protein interaction between the ligase and the target, 

degraders can offer increased family selectivity and therefore could enable the targeting of CDK12 with some 

selectivity over CDK13 and other CDKs.  

In 2021, a CDK12 PROTAC BSJ-4-116 (Figure 1.26a) was reported243. The CDK12-targeting warhead 

of BSJ-4-116 is based on the covalent CDK12/13 inhibitor THZ531 and pomalidomide is used for CRBN 

recruitment. BSJ-4-116 induces complementary protein-protein interactions, and sequence differences between 

CDK12 and CDK13 at CRBN contact sites partly explain the selectivity for CDK12 over CDK13 degradation, 

with nanoBRET assays further demonstrating no appreciable CDK13-PROTAC-CRBN complex formation. 

BSJ-4-116 significantly inhibited the phosphorylation of RNAPII Ser2 and Thr4 without inhibiting p-Ser5 and 

p-Ser7, illustrating its CDK family selectivity beyond CDK12/13. Interestingly, the PROTAC did not cause any 

destabilization of cyclin K and only depletion of CDK12 was observed 244. Notably, the authors identified two 

point mutations in CDK12 that confer resistance to the degrader, demonstrating that cancer cells can acquire 

resistance to PROTACs via mutations in the target rather than the UPS components as previously shown244.   

Another bifunctional degrader of CDK12, PP-C8 (Figure 1.26b), was recently published245. The 

CDK12-targeting warhead is based on an amalgamation of SR-4835 and inhibitors reported by Johannes et 

al.221, while CRBN is recruited via pomalidomide. It also displayed considerable selectivity for CDK12 over 

CDK13 but, unlike BSJ-4-116, PP-C8 caused the degradation of both CDK12 and cyclin K245. 
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Figure 1.26. CDK12 PROTAC structures. a, BSJ-4-116 based on a covalent CDK12/13 inhibitor THZ531 (green) and 
CRBN binder pomalidomide (purple). b, PP-C8 with the CDK12-targeting warhead based on an amalgamation of SR-4835 
and inhibitors reported by Johannes et al.221 (green) and CRBN recruited through pomalidomide (purple).   

 

1.2.9 Synthetic lethality and combination treatments   

CDK12-targeting compounds have been evaluated both as single agents and in combination with other drugs. 

In particular, synthetic lethality upon concomitant CDK12 and PARP inhibition has been extensively assessed. 

In isolation, PARP inhibitors are an effective treatment for BRCA-mutated or homologous recombination (HR)-

deficient cancers through a synthetic lethality mechanism246. However, PARP inhibitors lack broad applicability 

due to insufficient activity in BRCA-WT or HR-proficient cancers, as well as resistance appearing upon HR 

restoration or BRCA mutation246. Combinations of such inhibitors with drugs able to impair HR have been 

explored as a way of sensitizing all cancer cells to PARP inhibition. Given the paramount role of CDK12 in 

controlling the expression of DDR genes, the effect of CDK12 silencing on PARP inhibitor sensitivity was 

evaluated. Dinaciclib, a pan-CDK inhibitor that potently inactivates CDK12, was shown to effectively sensitize 

BRCA-WT and mutant TNBC cells to PARP inhibition and clinical trials combining dinaciclib with veliparib 

are currently ongoing (NCT01434316)234. A CDK12/13-selective inhibitor SR-4835 was also found to sensitize 

TNBC cells to PARP inhibitors, as well as to DNA crosslinking agents, topoisomerase I inhibitors, and DNA 

replication targeting agents242. Both CDK12-targeting PROTACs were also shown to exhibit synthetic lethal 

effects in combinations with PARP inhibitors243,245. Further examples of synergistic drug combinations for 
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CDK12-targeting agents, such as those with CHK1 inhibitors206 or anti-PD1 antibodies247,248, are detailed in 

Table 1.3. 

 
Table 1.3. Synergistic drug combinations reported for CDK12-targeting agents (adapted from 249,250).  

CDK12 drug Combination drug Assay Indication References 

THZ531 

Olaparib (PARP 
inhibitor) 

 Mouse xenograft 
models 

Ovarian cancer, Ewing 
sarcoma, myeloma 

204,210,251 

KU-0060648 (DNA-
PK inhibitor) 

Cellular Myeloma 251 

Doxorubicin 
(topoisomerase II 

inhibitor) 
Cellular Anaplastic thyroid 

carcinoma 
252 

GSK3 or UNC1999 
(EZH2 inhibitors) 

Cellular 
Aggressive B-cell 

lymphomas 
253 

Sorafenib (pan-
kinase inhibitor) 

 Cellular Hepatocellular 
carcinoma 

254 

SR-4835 

Olaparib (PARP 
inhibitor) Cellular TNBC 242 

Cisplatin (DNA 
damaging agent) 

Mouse xenograft 
model TNBC 242 

Irinotecan 
(topoisomerase 

inhibitor) 

Mouse xenograft 
model TNBC 242 

Anti-PD1 antibody 
(checkpoint 
inhibitor) 

Mouse xenograft 
model 

Breast cancer 247 

BSJ-4-116 
PROTAC 

Olaparib (PARP 
inhibitor) 

Cellular 
T-cell acute 

lymphoblastic 
leukaemia 

243 

PP-C8 PROTAC Olaparib (PARP 
inhibitor) 

Cellular TNBC 245 

THZ1 
Olaparib (PARP 

inhibition) 
Mouse xenograft 

model Ewing sarcoma 201 

Dinaciclib 

Olaparib or veliparib 
(PARP inhibitors) 

Mouse xenograft 
model 

TNBC, multiple 
myeloma 

234,255 

Cisplatin (DNA 
damaging agent) 

Mouse xenograft 
model 

Ovarian cancer 256 

Trastuzumab 
(monoclonal 

antibody) 

Mouse xenograft 
model 

HER2-positive breast 
cancer 

257 

Doxorubicin or 
etoposide 

(topoisomerase 
inhibitors) 

Cellular Neuroblastoma 258 

Vemurafenib (BRAF 
inhibitor) 

Mouse xenograft 
model 

Melanoma 259 

Anti-PD1 antibody 
(checkpoint 
inhibition) 

Mouse xenograft 
model 

PD1-dependent cancers 248 
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Gemcitabine (DNA 
synthesis inhibitor) 

Mouse xenograft 
model Pancreatic cancer 260 

MK-2206 (AKT 
inhibitor) 

Mouse xenograft 
model, phase I (no 

benefit) 
Pancreatic cancer 261,262 

CDK12 silencing 
(shRNA) 

Sorafenib (pan-
kinase inhibitor) 

 Mouse xenograft 
model 

Hepatocellular 
carcinoma 

254 

SCH900776, 
LY2603618 (CHK1 

inhibitors) 

Mouse xenograft 
model 

Ovarian cancer 206 

CDK12 silencing 
(siRNA) 

Veliparib (PARP 
inhibitor) 

Cellular Ovarian cancer 205 

Cisplatin or 
melphalan (DNA 
damaging agents) 

Cellular Ovarian cancer 205 

 

In summary, multiple CDK12-targeting compounds have been described thus far but most lack 

selectivity or, in the case of covalent inhibitors and PROTACs, suitable physicochemical properties. Although 

gaps exist in our understanding of the biological roles of CDK12 and cyclin K, the complex emerges as an 

important and actionable therapeutic target in oncology and beyond190,199,242,249,250,263. CDK12-cyclin K 

inhibitors are likely to find particular clinical utility in conjunction with other agents (Table 1.3), and phase I 

clinical trials with a combination of veliparib and dinaciclib are currently ongoing. Dinaciclib is the first 

(deliberately) CDK12-targeting compound in clinical trials and while it is potent, it remains a pan-CDK 

inhibitor. Given the clinical relevance of CDK12-cyclin K, the development of novel CDK12- or CDK12/13-

selective compounds is likely to yield small molecules of an even higher therapeutic value.   

The mechanism of action of several of the above-described compounds will be revisited in the 

experimental sections of this thesis (Chapter 2 and Chapter 3).  
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1.3 Aims of the thesis 
Molecular glue degraders are a highly promising novel therapeutic modality. As exemplified by thalidomide 

analogues, such degrader drugs can show remarkable clinical efficacy and, unlike for PROTACs, their drug-

like properties will likely facilitate the transition of new examples into the clinic. However, with only two well-

described compound classes, the molecular glue degrader discovery and design rules are poorly understood. 

Therefore, the overarching aim of this thesis was to dissect how such small molecules can reprogram protein-

protein interfaces to lead to selective target degradation.  

 

More specifically, the goals of this work were as follows: 

 

1) The first aim of the present study was to identify novel molecular glue degrader compounds and to 

structurally characterise their binding mode to inform on how they induce target degradation. To 

address this goal, systematic searches for molecular glue degrader compounds were conducted in 

collaboration with the Ebert laboratory (DFCI, Boston) and the Winter laboratory (CeMM, Vienna). 

The resulting candidate compounds were studied through biochemical reconstitutions, as well as 

enzymatic and biophysical assays to confirm their mode of action as molecular glue degraders. In the 

case of CR8, the compound-induced ternary complex was crystallised to reveal how the molecular glue 

compound is positioned at the protein-protein interface. This work is described in Chapter 2.  

 

2) The second aim of this thesis was to further the understanding of the molecular glue degrader structure-

activity relationship in order to enable their rational modification and, ultimately, design. For this, a set 

of over 90 putative degraders of cyclin K was extensively studied using a suite of biochemical, 

biophysical, structural, and cellular methods. These results are presented in Chapter 3.  

 

3) The final aim of the study was to develop and fine-tune biophysical assays that enable robust molecular 

glue degrader evaluation. To address this goal, a time-resolved Förster resonance energy transfer 

(TR-FRET) assay was developed and systematically optimised into a robust, HTS-appropriate assay 

setup. This work is featured in Chapter 4, and is presented alongside the optimisation of other 

fluorescence-based assays for adjacent projects.  
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Chapter 2 : Discovery of cyclin K degraders 
This chapter contains published data and additional unpublished data. I planned and performed experiments 

presented in sections 2.1.2.2 – 2.1.2.4, several in collaboration with Georg Petzold (Thomä laboratory, FMI, 

Basel). Crystallographic data analysis was performed primarily by Richard Bunker (Thomä laboratory, FMI, 

Basel), though with my and Georg’s active participation. The bioinformatic correlation, CRISPR validation and 

screening (section 2.1.2.1) and cellular evaluation (section 2.1.2.5 and section 2.1.2.4 Figure 2.14f and Figure 

2.15b,c) were performed by the members of the Ebert laboratory (Dana Farber Cancer Institute, Boston) led by 

Mikołaj Słabicki). Section 2.2 describes an effort led by the Winter laboratory (Research Center for Molecular 

Medicine of the Austrian Academy of Sciences, Vienna; spearheaded by Cristina Mayor-Ruiz), to which I 

contributed through biochemical complex reconstitution and complex formation TR-FRET assays (Figure 

2.21j, Figure 2.22).  

 

Several sections and figures in this chapter are reproduced or adapted from the following manuscripts: 

 
The CDK inhibitor CR8 acts as a molecular glue degrader that depletes cyclin K 
M. Słabicki*, Z. Kozicka*, G. Petzold*, Y.-D. Li, M. Manojkumar, R. Bunker, K. Donovan, Q. Sievers, J. 
Koeppel, D. Suchyta, A. Sperling, E. Fink, J. Gasser, L. Wang, S. Corsello, R. Sellar, M. Jan, D. Gillingham, 
C. Scholl, S. Fröhling, T. Golub, E. Fischer, N. Thomä†, B. Ebert†.  
Nature (2020), https://doi.org/10.1038/s41586-020-2374-x (*equal contribution) 
 

Rational discovery of molecular glue degraders via scalable chemical profiling  
C. Mayor-Ruiz, S. Bauer, M. Brand, Z. Kozicka, M. Siklos, H. Imrichova, I. Kaltheuner, E. Hahn, K. Seiler, 
A. Koren, G. Petzold, M. Fellner, C. Bock, A. Muller, J. Zuber, M. Geyer, N. Thomä, S. Kubicek, G. Winter.  
Nature Chemical Biology (2020), https://doi.org/10.1038/s41589-020-0594-x 
 
 

The published manuscripts can be found in the Appendix of this thesis. 

 

 

 

  



 56 

2.1 The CDK inhibitor CR8 acts as a molecular glue degrader that depletes cyclin K 

(published manuscript) 
 

2.1.1 Abstract 
Molecular glue compounds induce protein-protein interactions that, in the context of a ubiquitin ligase, lead to 

protein degradation. Unlike traditional enzyme inhibitors, such molecular glue degraders act sub-

stoichiometrically to catalyse the rapid depletion of previously inaccessible targets. They are clinically effective 

and highly sought-after but have thus far only been discovered serendipitously. Through the systematic mining 

of databases for correlations between the cytotoxicity of 4,518 compounds and E3 ligase expression levels 

across hundreds of human cancer cell lines, we identified CR8, a CDK inhibitor, as a compound that acts as a 

molecular glue degrader. A solvent-exposed pyridyl moiety of CR8, in its CDK-bound form, induces CDK12-

cyclin K complex formation with DDB1, the CUL4 adaptor protein, bypassing the requirement for a substrate 

receptor and presenting cyclin K for ubiquitination and degradation. These studies demonstrate that chemical 

alteration of surface-exposed moieties can confer gain-of-function glue properties to an inhibitor, and we 

propose this as a broader strategy to turn target binders into molecular glues. 

 

2.1.2 Introduction 
Molecular glues are a class of small molecule drugs that induce or stabilise protein-protein interactions264. In 

the context of a ubiquitin ligase, drug-induced interactions can lead to protein degradation, and this constitutes 

an emerging strategy for the inactivation of therapeutic targets intractable by conventional pharmacological 

means265,266. Known molecular glue degraders bind to substrate receptors of E3 ubiquitin ligases and recruit 

target proteins for their ubiquitination and subsequent degradation by the proteasome.  

Thalidomide analogues and aryl sulphonamides are two classes of drugs that act as molecular glue 

degraders, as detailed in section 1.1.9. Widely used in the clinic, thalidomide analogues have proven to be an 

effective treatment for multiple myeloma, other B cell malignancies, and myelodysplastic syndrome with a 

deletion in chromosome 5q267. Thalidomide analogues recruit zinc-finger TFs and other targets to CRBN44,268–

270, the substrate receptor of the cullin-RING E3 ubiquitin ligase CUL4A/B-RBX1-DDB1-CRBN (CRL4CRBN)39. 

Similarly, aryl sulphonamides degrade the essential RNA-binding protein RBM39 by engaging DCAF15, the 

substrate receptor of the CRL4DCAF15 E3 ubiquitin ligase134,136,271. In these examples, the degraders are not 

dependent on a ligandable pocket on the target protein, but instead leverage complementary protein-protein 

interfaces between the receptor and the target. By reprogramming ubiquitin ligase selectivity, these molecules 

divert the ligase to drive multiple rounds of target ubiquitination in a catalytic manner92. Such compounds can 

therefore circumvent the limitations of classical inhibitors, expanding the repertoire of “druggable” proteins. 

Although highly sought-after, molecular glue degraders have been found predominantly serendipitously, and 

there are currently limited strategies available for identifying or designing compounds with such a mode of 

action. 
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2.1.2 Results 

2.1.2.1 CR8 induces proteasomal degradation of cyclin K  

To identify small molecules that mediate targeted protein degradation through an E3 ubiquitin ligase, we 

correlated drug sensitivity data for 4,518 clinical and pre-clinical drugs tested against 578 cancer cell lines272,273 

with the mRNA expression levels for 499 E3 ligase components274 (Figure 2.1a). DCAF15 gene expression 

correlated with indisulam and tasisulam toxicity, consistent with its known function as a degrader of the essential 

protein RBM39 by the CRL4DCAF15 E3 ubiquitin ligase, thus demonstrating the potential of the approach (Figure 

2.1b, c). We sought to validate the high-scoring ligase-drug correlations by examining whether CRISPR-

mediated inactivation of the identified E3 ligase component would rescue the respective drug-induced toxicity 

(Figure 2.1d). These experiments confirmed that sgRNAs targeting DCAF15 confer resistance to indisulam 

and tasisulam. In addition, we also observed a correlation between cytotoxicity of the CDK-inhibitor R-CR8 

and mRNA expression levels of the CUL4 adaptor DDB1 (Figure 2.2a and Figure 2.1e). Consistently, sgRNAs 

targeting DDB1 conferred resistance to R-CR8 (Figure 2.2b). 

 
Figure 2.1. CR8-induced degradation of cyclin K correlates with DDB1 expression. a, Schematic of bioinformatic 
screen for identification of novel correlations between drug toxicity and E3 ligase mRNA expression. b, Box-and-whisker 
plot representing expression–sensitivity correlations for CR8, indisulam and tasisulam sensitivity as well as DDB1 and 
DCAF15 expression. c, Correlation of indisulam and tasisulam toxicity with mRNA expression of DCAF15. Selected 
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negative correlations are included for comparison. d, Schematic of flow-based primary validation screen. e, Top three hits 
from the primary validation screen in 5 cell lines, performed according to schematic outline in (d). I have not contributed 
to these results. 

 

 
Figure 2.2. Bioinformatic correlation shows CR8 toxicity correlates with DDB1 expression. a, Correlation between 
CR8 toxicity and mRNA expression of DDB1 in 578 cancer cell lines. Lower area under the curve (AUC) corresponds to 
higher drug toxicity. TPM, transcripts per million. b, HEK293TCas9 cells were transduced with BFP (blue fluorescent 
protein) labelled sgRNAs, treated with DMSO or 1 µM CR8 and analysed by flow cytometry (n=3). I have not contributed 
to these results.   

 

As DDB1-dependent cytotoxicity of R-CR8 implicated ubiquitin ligase-mediated degradation of one or 

more essential proteins, we performed quantitative proteome-wide mass spectrometry to evaluate protein 

abundance following compound treatment. Of the >8,000 quantified proteins, cyclin K was the only protein that 

consistently showed decreased abundance following R-CR8 addition (Figure 2.3a-c and Figure 2.4a, b). As 

expected, R-CR8 did not alter the cyclin K mRNA levels (Figure 2.4c) and compound-induced cyclin K 

degradation could be rescued by inhibition of the E1 ubiquitin-activating enzyme (MLN7243), cullin 

neddylation (MLN4924) and the proteasome (MG132) (Figure 2.3b). Together, these results suggest that R-

CR8 triggers rapid proteasomal degradation of cyclin K (Figure 2.3c) through the activity of a DDB1-

containing cullin-RING ubiquitin ligase. 
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Figure 2.3. CR8-induced degradation of cyclin K depends on DDB1 and CDK12. a, Molt-4 cells were exposed to 
1 µM CR8 or DMSO for 5 hours followed by whole proteome quantification using tandem mass tag mass spectrometry 
(mean log2 fold change, p value calculated by a moderated t-test, n=3 (DMSO), n=1 (CR8). b, HEK293TCas9 cells were 
treated with DMSO, 0.5 µM MLN7243 (ubiquitin activating enzyme inhibitor), 1 µM MLN4924 (NEDD8-activating 
enzyme inhibitor), or 10 µM MG132 (proteasome inhibitor) for 2 hours followed by exposure to 1 µM CR8 for 2 hours. 
Lysates were immunoblotted for the indicated targets (n=3, representative image shown). c, HEK293TCas9 cells were treated 
with DMSO or 1 µM MLN4924 for 2 hours followed by exposure to 1 µM CR8 (n=3, representative image shown). d, 
Median fold change of read counts (CR8/DMSO treatment) and corresponding p values (empirical rank-sum test-
statistic) for single guide RNAs (sgRNAs) targeting 19,112 human genes conferring resistance to CR8 treatment. DCAF 
substrate receptors are labelled with black dots (n=1). e, Median fold change of read counts (cyclin K stable/unstable) and 
corresponding p values (empirical rank-sum test-statistic) for sgRNAs targeting 19,112 human genes preventing CR8 
induced cyclin KeGFP degradation. DCAF substrate receptors are labelled with black dots (n=3). I have not contributed to 
these results. 
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Figure 2.4 CR8-induced degradation of cyclin K. a, Molt-4 cells were exposed to 1 µM CR8 or DMSO for 1 hour 
followed by whole proteome quantification using tandem mass tag mass spectrometry (mean log2 fold change, p value 
calculated by a moderated t-test), n=3 (DMSO), n=1 (CR8). b, The log2 fold changes in whole proteome quantification 
after 1 and 5 hours of exposure to CR8 are plotted against each other. c, HEK293TCas9 cells were treated with 1 µM CR8 
or DMSO for 2 hours and CCNK mRNA levels were measured by quantitative PCR. Bars represent the mean ± s.d. (n=3). 
I have not contributed to these results. 

 

To dissect the molecular machinery required for R-CR8 toxicity, we performed genome-wide and E3 

ubiquitin ligase-focused CRISPR-Cas9 resistance screens (Figure 2.3d and Figure 2.5). SgRNAs targeting 

DDB1, CUL4B, RBX1, the cullin-RING activator NEDD8, and the NEDD8-activating enzyme (NAE1/UBA3) 

were significantly enriched in the R-CR8-resistant cell population. These proteins are all required for CRL 

activity, and our results thus provide genetic evidence for the involvement of a functional CUL4-RBX1-DDB1 

ubiquitin ligase complex in mediating R-CR8 cytotoxicity. 

Thus far, all known cullin-RING ligases engage their substrates through specific substrate receptors, 

and DDB1 serves as an adaptor protein able to bind over 20 different substrate receptors (also known as DDB1-

CUL4-associated-factors, DCAFs)275,276 to recruit them to the CUL4-RBX1 E3 ubiquitin ligase core. As no 

DCAF was identified in our viability screens, we constructed a fluorescent reporter of cyclin K stability (Figure 

2.6c), in which R-CR8-mediated degradation of endogenous cyclin K could be recapitulated with a cyclin KeGFP 

fusion protein (Figure 2.3e and Figure 2.6a-d). Using the stability reporter, in which the extent of degradation 

can be determined by measuring cyclin KeGFP levels normalised to mCherry expression, we found that S- and 

R-CR8 facilitated cyclin KeGFP degradation to the same extent (Figure 2.6e; henceforth, CR8 refers to R-CR8). 

We then performed a genome-wide CRISPR-Cas9 screen for genes involved in cyclin K reporter stability and 

validated the involvement of DDB1 in CR8-mediated cyclin K degradation (Figure 2.3e, Figure 2.6f-h), but 

not in compound-independent cyclin K degradation. In addition, we identified cyclin-dependent kinase 12 

(CDK12), which is a known target of CR8218 and whose activity depends on the interaction with cyclin K, as a 

crucial component for CR8-induced cyclin KeGFP destabilisation (Figure 2.3e, Figure 2.6f-i).  

As neither the cyclin KeGFP stability reporter screen nor the CR8 resistance screen identified a substrate 

receptor, we performed additional CRISPR screens targeting 29 genes encoding known DCAFs or DCAF-like 

candidate proteins in four different cell lines. While sgRNAs targeting the previously identified components of 

the CUL4-RBX1-DDB1 complex consistently caused resistance to CR8, a DCAF substrate receptor could not 

be identified (Figure 2.7).  
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Figure 2.5. Ligase-focused screen identifies CRL components as essential for CR8-induced cyclin K degradation. a, 
Schematic of the genome-wide CRISPR-Cas9 resistance screen. b, Median fold change of read counts (CR8/DMSO 
treatment) and corresponding p values (empirical rank-sum test-statistic) for sgRNAs targeting 713 E1, E2, E3, DUB and 
control genes (BISON library) conferring resistance to CR8 treatment. DCAF substrate receptors are labelled with black 
dots (n=3). I have not contributed to these results. 
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Figure 2.6 Reporter screen identifies CDK12 as required for CR8-induced cyclin K degradation. a, Schematic of the 
cyclin K (CCNK) stability reporter. eGFP, enhanced green fluorescent protein, IRES, internal ribosome entry site. b, Cyclin 
KeGFP HEK293TCas9 cells were analysed by flow cytometry. Bars represent the mean ± s.d. (n=3). c, Cyclin KeGFP 
HEK293TCas9 cells were exposed to various concentration of CR8 and analysed by flow cytometry. Data represent mean ± 
s.d. Lines represent standard four-parameter log-logistic curves (n=3). d, HEK293TCas9 cells were treated with indicated 
concentration of CR8 for 2 hours and lysates were immunoblotted for the indicated targets. e, Cyclin KeGFP HEK293TCas9 
cells were treated with 1 µM of the indicated compound for 2 hours and analysed by flow cytometry. Data represent mean 
± s.d. Line represents standard four parameter log-logistic curves (n=3). f, Schematic of the genome-wide CRISPR-Cas9 
reporter screen. g, Median fold change of read counts (cyclin K stable/unstable) and corresponding p values (empirical 
rank-sum test-statistic) in the absence of CR8 for sgRNAs targeting 19,112 human genes in HEK293TCas9 cells (n=2). h, 
Cyclin KeGFP HEK293TCas9 cells were transfected with blue fluorescent protein (BFP) and sgRNAs, treated with DMSO or 
1 µM CR8 and analysed by flow cytometry. Bars represent the mean ± s.d. (n=3). i, Cyclin KeGFPFull Lenght HEK293TCas9 or 
Cyclin KeGFPAA1-270 HEK293TCas9 were treated with DMSO or 1 µM CR8 and analysed by flow cytometry. Bars represent 
the mean ± s.d. (n=3). I have not contributed to these results. 
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Figure 2.7. CR8-induced cyclin K degradation is not dependent on any DCAF substrate receptor. a, K562Cas9, 
P31FUJCas9, THP1Cas9 and MM1SCas9 cells were exposed to the indicated concentrations of CR8 for 3 days. Data represent 
mean ± s.d. Lines represent standard four-parameter log-logistic curves. b, mRNA expression levels for all genes included 
in DCAF library. c, K562Cas9, P31FUJCas9, THP1Cas9 and MM1SCas9 were individually transduced with arrayed DCAF 
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library and treated with 1 µM CR8 (K562Cas9, P31FUJCas9, THP1Cas9) or 0.1 µM CR8 (MM1SCas9) and ratio of transduced 
to untransduced cells was determined using flow cytometry (n=1). I have not contributed to these results. 

 

2.1.2.2 CR8 directs CDK12 to CRL4 core component  

Since none of our genetic screens highlighted a DCAF required for cyclin K degradation, we tested whether 

CR8-engaged CDK12-cyclin K directly binds one of the CUL4-RBX1-DDB1 ligase components in the absence 

of a substrate receptor. We therefore performed in vitro co-immunoprecipitation experiments using 

recombinantly purified proteins. The kinase domain of CDK12 (CDK12713-1052) bound to cyclin K1-267 did not 

markedly enrich DDB1 over the bead binding control in the absence of CR8, whereas equimolar amounts of the 

compound led to stoichiometric complex formation (Figure 2.8a). DDB1 b-propeller domains A (BPA) and C 

(BPC)37, which are otherwise involved in DCAF binding, were sufficient for drug-induced CDK12-cyclin K 

recruitment. DDB1 b-propeller B (BPB), which binds CUL4 and is not involved in DCAF binding, was 

dispensable for the drug-dependent interaction with CDK12-cyclin K (Figure 2.8a). In vitro ubiquitination 

assays confirmed that the CUL4A-RBX1-DDB1 ligase core alone is sufficient to drive robust cyclin K 

ubiquitination (Figure 2.8b). Quantification of the interaction showed that CR8 stimulated binding between 

CDK12-cyclin K and DDB1 in the range of 100-500 nM depending on the experimental setup (Figure 2.8c, 

Figure 2.9, and Figure 2.10a). While weak CDK12-cyclin K-DDB1 interaction was still detectable in the 

absence of the compound in vitro, CR8 strengthened complex formation 500- to 1000-fold as estimated by 

isothermal titration calorimetry (ITC) (Figure 2.10a, b). Thus, our data indicate that CR8-engaged CDK12-

cyclin K is recruited to the CUL4-RBX1-DDB1 ligase core through DDB1, and the compound tightens the 

complex sufficiently to drive CR8-induced cyclin K degradation in the absence of a canonical DCAF substrate 

receptor. 
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Figure 2.8. CR8-bound CDK12 interacts with DDB1 in a DCAF-like manner. a, Co-immunoprecipitation (IP) 
experiments with recombinant proteins. b, In vitro ubiquitination of cyclin K by the RBX1N8CUL4-DDB1 ubiquitin ligase 
core. c, TR-FRET signal for CDK12-Alexa488cyclin K titrated to TerbiumDDB1 in DMSO or 10 μM CR8. The no DDB1 control 
contains streptavidin-terbium and shows concentration-dependent fluorophore effects. Data represent the mean ± s.d. 
(n=3). d, Cartoon representation of the DDB1∆BPB-R-CR8-CDK12-cyclin K crystal structure. e, TR-FRET counter titration 
of unlabelled wild-type or mutant CDK12-cyclin K (0-10 µM) into pre-assembled TerbiumDDB1-CR8-CDK12-Alexa488cyclin 
K complex. Data represent the mean ± s.d. (n=3). f, Structural models of CRL4CRBN bound to lenalidomide and CK1alpha 
(top) and RBX1-CUL4-DDB1 (CRL4) bound to the R-CR8-CDK12-cyclin K complex (bottom). The active site cysteine 
of the E2 enzyme (red spheres) provides ubiquitin through a thioester bond. 
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Figure 2.9. Characterization of the CR8-induced DDB1-CDK12-cyclin K interaction by TR-FRET. a, Schematic of 
the TR-FRET setup. Positions of the FRET donor (Terbium-streptavidin (T)) and acceptor (Alexa488-labeled SpyCatcher 
(A)) are indicated in the structural model of DDB1DBPBCDK12-CR8-cyclin K on the right. b, TR-FRET titration of CDK12-
Alexa488cyclin K (0-3.75 µM) to 50 nM TerbiumDDB1 and 5 µM CR8 or DMSO. Data represent the mean ± s.d. (n=3). c, TR-
FRET counter titration of unlabelled wild-type CDK12-cyclin K to 50 nM TerbiumDDB1, 500 nM CDK12-Alexa488cyclin K 
and 12.5 µM CR8. Data represent the mean ± s.d. (n = 3). d, TR-FRET counter titration of unlabelled wild-type DDB1 to 
50 nM TerbiumDDB1, 500 nM CDK12-Alexa488cyclin K and 1 µM CR8. Data represent the mean ± s.d. (n=3). e, TR-FRET 
titration of CDK12(R965K)-Alexa488cyclin K (wild-type sequence of canonical isoform of CDK12; 0-3.75 µM) to 50 nM 
TerbiumDDB1 and 5 µM CR8 or DMSO. Data represent the mean ± s.d. (n=3). The CDK12 K965R variant (residue distal 
from the interface with DDB1 and cyclin K), which was used throughout our in vitro studies (see methods), shows a binding 
affinity indistinguishable from that of wild-type CDK12.  
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Figure 2.10. Characterization of the CR8-induced DDB1-CDK12-cyclin K interaction by isothermal titration 
calorimetry. (a-f), ITC experiments (n = 1-3, additional replicates provided in the Supplementary Information of the online 
manuscript file). Specifications of the individual experiments are given in the panel. Asterisk marking the approximate 
Kapparent value in the first panel denotes that the binding affinity was too high to allow confident fitting of the binding curve. 

 

We then crystallised CDK12713-1052-cyclin K1-267 bound to CR8 and DDB1∆BPB and determined the 3.5 

Å resolution structure of this complex (Figure 2.8d, Table 2.1). In the structure, CDK12 forms extensive 

protein-protein interactions (~2000 Å2) with DDB1. CR8 binds the active site of CDK12 and bridges the 

CDK12-DDB1 interface, while cyclin K binds CDK12 on the opposite site and does not contact DDB1. The N- 

and C-lobes of CDK12 are proximal to DDB1 residues located in a loop of the BPA domain (amino acid (aa) 

111-114), BPC-helix 2 (aa 986-990), and a loop in the C-terminal domain (aa 1078-1081) that are otherwise 

involved in DCAF binding (Figure 2.11). In addition, the C-terminal extension of CDK12 binds the cleft 

between the DDB1 domains BPA and BPC, a hallmark binding site of DDB1-DCAF interactions (Figure 2.11a-
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d, h; c.f. section 1.1.3). The density for this region could only be tentatively assigned, likely due to the presence 

of multiple conformations, but the CDK12 C-terminal tail clearly engages with DDB1 and assumes a 

conformation different from those seen in isolated CDK12-cyclin K structures (Figure 2.12a, b, d; c.f. section 

1.2.4)218,219. Structure-guided mutational analyses combined with time-resolved fluorescence resonance energy 

transfer (TR-FRET) assays was used to assess the contribution of these interactions to CR8-dependent CDK12-

DDB1 complex formation (Figure 2.8e and Figure 2.11e). CDK12 thus assumes the role of a glue-induced 

substrate receptor and places cyclin K in a position that is typically occupied by CRL4 substrates (Figure 2.8f). 

This renders CDK12-cyclin K binding to DDB1 mutually exclusive with that of DCAFs and provides a 

structural framework for why a canonical substrate receptor is dispensable for cyclin K ubiquitination.  

 
Table 2.1. Data collection and refinement statistics for the CR8-induced complex. 

 DDB1ΔBPB-CR8-CDK12713-1052-Cyclin K1-267 
Data collection  
Space group P3121 
Cell dimensions  
  a, b, c (Å) 250.75, 250.75, 217.92 
α, ß, γ (°)  90, 90, 120 

Resolution (Å) 54–3.46 (3.63–3.46)* 
Rmeas 0.318 (>4.00) 
I / σI 7.2 (0.9) 

Completeness (%) 95.1 (68.3)† 
Redundancy 12.0 (11.6) 
  
Refinement  
Resolution (Å) 54–3.46 
No. reflections 89,183 
Rwork / Rfree 0.1934 / 0.220 
No. non-hydrogen atoms  
    Protein 33,781 
    R-CR8 96 
B-factors (Å2)  
    Protein 59.9 
    R-CR8 39.6 
R.m.s. deviations  
    Bond lengths (Å) 0.009 
    Bond angles (°) 1.01 

*Values in parentheses are for the highest-resolution shell. 
† From STARANISO277 assuming a local weighted CC1/2 = 0.3 resolution cut-off  
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Figure 2.11. CDK12 contacts sites on DDB1 otherwise implicated in DCAF binding. a, Structure of the CDK12-R-
CR8-DDB1DBPB complex. The CDK12 C-terminal domain binds a cleft between the BPA and BPC domains of DDB1 
(arrow) and adopts an helix-loop-helix (HLH)-like fold. b, Diverse DDB1-CUL4 associated factors (DCAFs) bind DDB1 
BPA and BPC domains through HLH- or HLH-like folds. c, Protein sequence alignment of identically positioned HLH-
domain helices from different DCAFs. d, Protein-protein interaction hotspots highlighted in the structure of the 
DDB1DBPBCDK12-CR8-cyclin K complex. e, TR-FRET counter titration of unlabelled wild-type or mutant DDB1 (0-10 
µM) into pre-assembled TerbiumDDB1-CR8-CDK12-Alexa488cyclin K complex. Data represent the mean ± s.d. (n = 3). f, 
Close-up of the interface between the CDK12 C-lobe and DDB1 loop residues provided by the BPA and CTD domains 
(top). These DDB1 residues also form contacts with DCAF15 (bottom). g, Close-up of the interface between the CDK12 
N-lobe and DDB1 BPC-helix 2 (top). Similar DDB1 residues contact DCAF15 (bottom). h, Close-up of the interface 
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between the CDK12 C-terminal extension and BPC domain of DDB1 (top). Similar DDB1 residues interact with DCAF15 
(bottom). 

 

 
Figure 2.12. C-terminal extension of CDK12 adopts different conformations. a, Structure of the CDK12-CR8-
DDB1DBPB complex highlighting position and conformation of the CDK12 C-terminal extension binding the cleft between 
the BPA and BPC domains of DDB1. b, Structure of CDK12 bound to AMP-PNP (PDB entry 4CXA) superimposed onto 
CDK12 in the CDK12-CR8-DDB1DBPB complex. In the AMP-PNP-bound form of CDK12, the C-terminal extension is in 
a conformation that allows contacts with the nucleotide analogue. This conformation of the CDK12 C-terminal extension 
is incompatible with DDB1 binding. c, TR-FRET titration of CDK12-Alexa488cyclin K (0-3.75 µM) to 50 nM TerbiumDDB1 
in the presence of 5 µM THZ531, ATP or DMSO. Data represent the mean ± s.d. (n=3). d, Structure of CDK12 bound to 
THZ531 (PDB entry 5ACB) superimposed onto CDK12 in the CDK12-CR8-DDB1DBPB complex. This conformation of 
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the CDK12 C-terminal extension is incompatible with DDB1 binding. e, THZ531 binding pose in the active site of CDK12 
(PDB entry 5ACB) superimposed on the CR8-bound CDK12 in the DDB1∆BPBCR8-CDK12-cyclin K complex. 

 

2.1.2.3 CDK12-DDB1 interface imparts selectivity  

CR8 is a pleiotropic CDK inhibitor reported to bind to CDK1/2/3/5/7/9/12218,236, yet in cells we observed 

selective cyclin K destabilization in the presence of the drug. As cyclin K was reported to associate with CDK9, 

CDK12 and CDK13, we tested whether the other cyclin K-dependent kinases are also recruited to DDB1. The 

closely related CDK13 (90.8 % sequence identity in the kinase domain, Figure 2.13a), but not the more 

divergent CDK9 (45.5 % sequence identity in the kinase domain, Figure 2.13b, c), was recruited to DDB1 in 

the presence of CR8, albeit with a slightly lower binding affinity (Figure 2.13d-f). Analogously, less productive 

in vitro cyclin K ubiquitination was observed for CDK13 compared to CDK12 (Figure 2.13g). The main 

difference between CDK9 and CDK12/13 primary sequence lies in their C-terminal extension (Figure 2.13a, 

b), which in our structure nestles up against DDB1 BPA and BPC propellers (Figure 2.8d and Figure 2.11d, 

h). Mutations in, or truncation of, the CDK12 C-terminal extension (Figure 2.11c) abolished any compound-

independent binding between CDK12 and DDB1, whereas complex formation could still be facilitated by CR8 

to a varying extent (Figure 2.13h, i). Hence, our data show that the pan-selective CDK inhibitor CR8 induces 

specific protein-protein interactions between CDK12/13 and DDB1 and suggest that the C-terminal extension, 

while contributing to binding, is not essential for drug-dependent kinase recruitment. 
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Figure 2.13. Interface differences between CDK12 and other CDKs highlight residues involved in CR8-mediated 
recruitment to DDB1. a, Protein sequence alignment of CDK12 (727-1052) and CDK13 (705-1030). In this and later 
panels residues that contact CR8 are marked by an asterisk, those that contact DDB1 by dots that are coloured according 
to the domain organisation of DDB1 (see Figure 2.8). Arrows mark differences at the DDB1-CR8-CDK interface. b, 
Protein sequence alignment of CDK12 (727-1052) and CDK9 (19-373). c, Protein sequence alignment of CDK12 (727-
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1052), CDK9 (19-373), CDK1 (4-297), CDK2 (4-298), CDK3 (4-304), CDK5 (4-292), CDK7 (12-314). d, TR-FRET 
titration of CDK12-Alexa488cyclin K (0-3.75 µM) to 50 nM TerbiumDDB1 and 5 µM CR8 or DMSO. The no-DDB1 control in 
this and subsequent panels contained streptavidin-terbium and shows concentration-dependent fluorophore effects. Data 
represent the mean ± s.d. (n=3). e, TR-FRET titration of CDK13-Alexa488cyclin K (0-3.75 µM) to 50 nM TerbiumDDB1 and 5 
µM CR8 or DMSO. Data represent the mean ± s.d. (n=3). f, TR-FRET titration of CDK9-Alexa488cyclin K (0-3.75 µM) to 
50 nM TerbiumDDB1 and 5 µM CR8 or DMSO. Data represent the mean ± s.d. (n=3). g, In vitro ubiquitination of cyclin K 
by the RBX1N8CUL4-DDB1 ubiquitin ligase core in the presence of CDK12, CDK13 or CDK9. h, TR-FRET titration of 
CDK12-Alexa488cyclin K (CDK12 mutant (L1033A, W1036A); 0-3.75 µM) to 50 nM TerbiumDDB1 and 5 µM CR8 or DMSO. 
Data represent the mean ± s.d. (n=3). i, TR-FRET titration of CDK12-Alexa488cyclin K (CDK12 tail truncation (713-1032); 
0-3.75 µM) to 50 nM TerbiumDDB1 and 5 µM CR8 or DMSO. Data represent the mean ± s.d. (n=3). 

 

2.1.2.4 CR8 phenylpyridine confers glue activity   

CR8 occupies the ATP binding pocket of CDK12 and forms discrete contacts with residues in the BPC domain 

of DDB1 (~150 Å2) through its hydrophobic phenylpyridine ring system (Figure 2.14a, b). Mutation of the 

DDB1 residues Ile909, Arg928, and Arg947 each diminished drug-induced recruitment of the kinase (Figure 

2.14c), highlighting the contribution of the phenylpyridine moiety to complex formation. To evaluate the 

structure-activity relationship underlying the gain-of-function activity of CR8, we probed other CDK inhibitors 

for their ability to drive complex formation between DDB1 and CDK12. DRF053239, a CR8-related inhibitor 

that carries a differently linked phenylpyridine ring system (Figure 2.14a, d), induced binding with two-fold 

lower affinity than CR8 (Figure 2.15a). Roscovitine238, the parent compound of CR8 that lacks the 2-pyridyl 

substituent but retains the phenyl ring proximal to Arg928 (Figure 2.14a, d), also facilitated complex formation, 

albeit with a three-fold lower apparent affinity (Figure 2.15a). The affinity rank-order observed in our TR-

FRET assay correlated with the degree of cyclin K ubiquitination in vitro, in which DRF053 and roscovitine 

showed less processive ubiquitination (Figure 2.14e). As neither DRF053 nor roscovitine induced degradation 

of the cyclin KeGFP reporter in cells (Figure 2.14f), our results demonstrate that the presence and correct 

orientation of the 2-pyridyl on the surface of CDK12 confer the gain-of-function activity of CR8 leading to 

cyclin K degradation. 
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Figure 2.14. Molecular glue degrader activity of CR8 is conferred by a surface-exposed 2-pyridyl moiety. a, Chemical 
structures of R-CR8, R-DRF053, R-roscovitine and flavopiridol. Arrows indicate differences between R-CR8, R-DRF053 
and R-roscovitine. b, Close-up of the CDK12-CR8-DDB1 interface. The phenylpyridine moiety of CR8 contacts DDB1 
residues. c, Titration of unlabelled wild-type or mutant DDB1 (0-10 µM) into pre-assembled TerbiumDDB1-CR8-CDK12-
Alexa488cyclin K complex. Data represent the mean ± s.d. (n=3). d, R-roscovitine (PDB entry 2A4L), R-DRF053 and 
flavopiridol (PDB entry 3BLR) in the active site of CDK12 in the DDB1-CR8-CDK12-cyclin K complex through 
superposition of the respective kinase domains or the purine moiety (in case of DRF053). e, In vitro ubiquitination of 
CDK12-cyclin K complex by RBX1N8CUL4-DDB1 in the absence (DMSO) or presence of 2 µM compound. f, Cyclin 
KeGFP HEK293TCas9 cells were treated with 1 µM of the indicated compound for 2 hours and analysed by flow cytometry. 
Data represent the mean ± s.d. (n=3). 
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Figure 2.15. CDK inhibitors block CR8-induced cyclin K degradation. a, TR-FRET. CDK12-Alexa488cyclin K titrated 
to TerbiumDDB1 in the absence (DMSO) or presence of 10 μM CR8, roscovitine, DRF053, flavopiridol or THZ531. Data 
represent the mean ± s.d. (n=3). b, HEK293T cells transiently transfected with NanoLucCDK12713-1052 and HaloTagDDB1∆BPB 
constructs were treated with DMSO or inhibitors for 2 hours and the mBRET signal was measured. Data represent the 
mean ± s.d. (n=3). c, Cyclin KeGFP HEK293TCas9 cells were treated with 1 µM CR8 and varying concentrations of 
competitive CDK inhibitor and analysed by flow cytometry. Data represent the mean ± s.d. (n=3). I have not contributed 
to the results presented in panels b and c. 

 

To test whether any ligand could in principle drive the interaction of CDK12 with DDB1, we tested the 

endogenous CDK nucleotide cofactor ATP for its ability to promote complex formation. ATP neither facilitated 

nor abrogated the interaction over basal binding observed in the presence of DMSO (Figure 2.12c), suggesting 

that although the nucleotide-bound conformation of CDK12 seems incompatible with the approach of DDB1 

(Figure 2.12b), the C-terminal extension is in fact free to adopt multiple conformations219. THZ531220, a bulky 

covalent CDK12/13 inhibitor predicted to clash with DDB1(Figure 2.12d, e and section 1.2.6), locks the 

CDK12 C-terminal tail in a conformation incompatible with DDB1 recruitment (Figure 2.12d). Consistently, 

THZ531 further decreased the TR-FRET signal and diminished cyclin K ubiquitination in vitro below DMSO 

control levels (Figure 2.14e and Figure 2.12c)220. Flavopiridol278, a natural product-derived inhibitor 

structurally distinct from CR8 (Figure 2.14a, d), also stimulated the binding of CDK12-cyclin K to DDB1 

(Figure 2.15a). While flavopiridol gave rise to moderate cyclin K ubiquitination in vitro (Figure 2.14e), it 

failed to degrade cyclin K in cells (Figure 2.14f). Our results thus show that the interactions between the 

compound and DDB1 display a significant plasticity and that structurally diverse surface-exposed moieties in 

CR8, DRF053, roscovitine and flavopiridol can facilitate CDK12-cyclin K recruitment. Small differences in 

their ability to stabilise the DDB1-CDK12 complex translate, in an almost binary fashion, into cellular 

0.2

0.4

0.6

0.8

1.0

  0.1   1.0  10.0 100.0
CDK inhibitor [μM]

CR8 - Suppl. Fig. 8
a

0 1 2 3 4
0.0

0.5

1.0

1.5

2.0

2.5

TR
-F

RE
T 

sig
na

l
DMSO

CR8

Roscovitine

DRF053

Flavopiridol

THZ531

CDK12-Alexa488cycK [µM]

Roscovitine

CR8

Kapparent [µM]

Flavopiridol

DRF053

DMSO
1.53±0.17
1.44±0.18
0.98±0.12

THZ531

Compound

n.d.
n.d.

0.51±0.03

eG
FP

C
yc

K 
/ m

C
he

rry
Cy

cK
eG

FP
/ m

Ch
er

ry

c CR8 + THZ531
CR8 + Flavopiridol
CR8 + Roscovitine

CR8 + DRF053
CR8 + LDC00067

0.0 0.5 1.0 1.5

THZ531
Roscovitine

CR8

normalized mBRET units

1μM
10 μM

b



 76 

degradation of cyclin K or lack thereof. This behaviour is reminiscent of CRL4CRBN and thalidomide 

analogues44,113, where an apparent affinity threshold must be overcome to drive drug-induced target degradation.  

 

2.1.2.5 Cyclin K degradation adds to CR8 toxicity  

 Finally, to delineate the contribution of CRL4-mediated cyclin K degradation to the cellular cytotoxicity 

of CR8 over non-degradative CDK inhibition, we compared compound toxicity in wild-type HEK293TCas9 cells 

to cells that were pre-treated with MLN4924 (NEDD8-activating enzyme inhibitor), genetically depleted for 

DDB1, or subject to DCAF overexpression. Global inhibition of CRL activity by MLN4924 had only minor 

effects on cell viability (Figure 2.17a) but resulted in decreased sensitivity to CR8 (Figure 2.16a), showing 

that CRL neddylation significantly contributes to CR8 toxicity. Overexpression of the substrate receptor CRBN 

also affected sensitivity to CR8 and decreased cyclin K degradation (Figure 2.16b, c and Figure 2.17c-e), 

presumably by reducing the free pool of DDB1. As expected, CR8-induced endogenous cyclin K degradation 

was dependent on DDB1 (Figure 2.16d) and, consistently, we found that cytotoxicity of CR8, but not that of 

the other CDK inhibitors, was ten-fold lower in cells depleted for DDB1 (Figure 2.16e and Figure 2.17f). 

Together, the data demonstrate that the CLR4-dependent gain-of-function glue degrader activity of CR8 

strongly contributes to its cellular potency and provides an additional layer of ortholog-specific CDK 

inactivation through cyclin K degradation.  

 

 
Figure 2.16. CR8-mediated cyclin K degradation contributes to its cellular potency. a, HEK293TCas9 cells were 
exposed to DMSO or 100 nM MLN4924 at indicated concentrations of CR8 for 3 days. This dose of MLN4924 alone did 
not influence cell viability (Figure 2.17a). Data represent mean ± s.d. Lines represent standard four-parameter log-logistic 
curves (n=3). b, HEK293TCas9 cells were transiently transfected with control or CRBN overexpression vectors and after 
48h lysates were immunoblotted for the indicated targets. c, HEK293TCas9 cells were transiently transfected with control 
or CRBN overexpression vectors and after 48h were exposed to the indicated concentration of CR8 for 3 days. Data 
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represent mean ± s.d. Lines represent standard four-parameter log-logistic curves (n=3). d, HEK293TCas9 cells were 
transfected with a fluorophore and sgRNAs targeting DDB1 or a non-targeting control (NTC) and exposed to CR8 for the 
indicated time. Protein lysates were immunoblotted for the indicated targets (n=2, representative image shown). e, 
HEK293TCas9 cells were transduced with sgRNAs targeting DDB1 or luciferase and exposed to the indicated concentration 
of CR8, roscovitine, or DMSO for 3 days. Data represent mean ± s.d. Lines represent standard four-parameter log-logistic 
curves (n=3). I have not contributed to these results. 

 

 
Figure 2.17. Cytotoxicity of CR8 analogues does not depend on CRL4 components. a, HEK293TCas9 cells were 
exposed to indicated concentrations of MLN4924, MLN7243 or MG132 for 3 days. Data represent mean ± s.d. Lines 
represent standard four-parameter log-logistic curves. b, HEK293TCas9 cells were exposed to DMSO or 100 nM MLN4924 
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in combination with indicated concentrations of roscovitine, flavopiridol, DRF053 or THZ531 for 3 days. Data represent 
mean ± s.d. Lines represent standard four-parameter log-logistic curves. c, d, HEK293TCas9 cells were transiently 
transfected with control or CRBN overexpression vector and after 48h lysates were immunoblotted for the indicated targets. 
pRSF91-GFP and pRSF91-CRBN are denoted as empty backbone or CRBN overexpression respectively. e, Cyclin KeGFP 
HEK293TCas9 cells were transiently transfected with control or CRBN overexpression vector and after 48h were exposed 
to the indicated concentrations of CR8 for 2h and analysed by flow cytometry. Data represent mean ± s.d. Lines represent 
standard four-parameter log-logistic curves. f, HEK293TCas9 cells were transduced with sgRNAs targeting DDB1 or 
luciferase and exposed to the indicated concentrations of CR8, roscovitine or DMSO for 3 days. Data represent mean ± 
s.d. Lines represent standard four-parameter log-logistic curves. I have not contributed to these results.  

 

2.1.3 Discussion 
Kinase inhibitors have long been suspected to have a degradation component to their mode of action279,280, 

and our work provides the first characterization and structural dissection of how a kinase inhibitor scaffold 

acquires degrader properties. Small molecule glue degraders have thus far only been shown to target substrate-

recruiting E3 ligase modules. CDK12 is not a constitutive E3 ligase component, but instead serves as a drug-

induced substrate receptor, linking DDB1 to the ubiquitination target, bypassing the requirement for a canonical 

DCAF. While cyclin K is the primary ubiquitination target, CDK12 may become subject to autoubiquitination 

upon prolonged compound exposure akin to canonical DCAFs106,281. As CR8 binds the active site of CDK12 

and does not require a ligandable pocket on the ligase, developing target-based glue degraders to essential ligase 

components such as DDB1 could greatly expand the repertoire of ubiquitin ligases accessible to targeted protein 

degradation. Furthermore, as kinase inhibitors often show poor target selectivity, small molecule-induced kinase 

inactivation that leverages specific protein-protein interactions could offer a path towards improved drug 

selectivity and may facilitate the pursuit of CDK12 as an emerging therapeutic target234.  

The gain-of-function glue degrader activity of CR8 is attributed to a 2-pyridyl moiety exposed on the 

kinase surface. Surface-exposed single residue mutations have been shown to promote higher-order protein 

assemblies, as the haemoglobin Glu to Val mutation, for example, induces polymerization in sickle cell 

anaemia282. Accordingly, single residue mutations designed to increase surface hydrophobicity give rise to 

ordered protein aggregates283,284. Bound compounds, such as enzyme inhibitors, can in principle mimic such 

amino acid changes with dramatic effects on the protein interaction landscape, suggesting that 

compound-induced protein-protein interactions may be more common than previously recognised. Taken 

together, our results suggest that modifications of surface-exposed regions in target-bound small molecules offer 

a rational strategy to develop molecular glue degraders for a given protein target. 

 

2.2 Rational discovery of cyclin K molecular glue degraders via scalable chemical 

profiling (summary of a published manuscript) 
This section summarises a study led by the Winter laboratory (CeMM, Vienna), to which I contributed through 

in vitro reconstitution of the DDB1-CDK12-cyclin K ternary complex with molecular glue degraders identified 
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in this work, and the quantification of these interactions through TR-FRET assays. My contribution is displayed 

in Figure 2.21j and Figure 2.22.  

 

2.2.1 Compound toxicity profiling in hyponeddylated versus wild-type cells identifies novel 

degrader compounds  
To discover novel molecular degraders in a systematic manner, we developed a scalable strategy towards glue 

degrader discovery that is based on chemical screening in hypo-neddylated cells. Almost all known molecular 

glue degraders function by hijacking CRLs, whose activity is dependent on the reversible attachment of NEDD8 

(see section 1.1.2). CRISPR/Cas9-induced mutation of the NEDD8 E2 enzyme UBE2M was shown to give rise 

to resistance to degrader compounds244. We characterised the hypomorphic phenotype in the near-haploid 

KBM7 cell line (UBE2Mmut) and found that CRL activity was inhibited in a manner comparable to drug-induced 

inhibition of the NEDD8 E1 enzyme with MLN4924, but with no associated proliferation defects (Figure 2.18a, 

b).    

We hypothesised that comparative chemical profiling in UBE2Mmut versus neddylation-proficient cells 

could constitute a viable strategy to screen for compounds whose mechanism of action depends on functional 

CRLs. We therefore screened a library of 2,000 small molecules both in wildtype and UBE2Mmut KBM7 cells, 

and the cross-comparison between the two datasets led us to identify several compounds that appeared to be 

functionally dependent on CRL activity (Figure 2.18c). Through individual validation, we confirmed that 

dCeMM1, dCeMM2, dCeMM3, and dCeMM4 display UBE2M-dependent cytotoxicity profiles (Figure 2.18d, 

e), and prioritised these four compounds for target deconvolution.  

Firstly, for dCeMM1, we performed a focused CRISPR/Cas9 screen using a custom-designed sgRNA 

library covering the known CRLs and their associated regulators, which confirmed a critical dependence of 

dCeMM1 efficacy on UBE2M, but also revealed its reliance on the CRL4DCAF15 ligase (Figure 2.18f). This is 

in agreement with previous studies describing aryl sulphonamide molecular glue degrader compounds that 

direct DCAF15 to ubiquitinate RBM39 and RBM2342,134,135,137,142. Quantitative proteomics experiments showed 

that dCeMM1 selectively degrades RBM39 (Figure 2.18g), and CRISPR-induced frameshift-mutations in 

DCAF15 were found to desensitize cells to dCeMM1 toxicity and rescue RBM39 depletion (Figure 2.18h, i). 

These results therefore identify a novel aryl sulphonamide molecular glue degrader and offer a proof-of-concept 

for the degrader discovery pipeline.   
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Figure 2.18 a, Protein levels of UBE2M, UBE2F and neddylation status of different cullin backbones in WT, MLN4924-
treated (1 µM, 1 h), UBE2M-deficient and UBE2M-reconstituted KBM7 cells. b, SRs expressed in KBM7 cells that 
associate with hyponeddylated cullin scaffolds. c, Primary screening data comparing DMSO-normalised viability of WT 
and UBE2Mmut KBM7 cells treated with an (approximately) 2,000 cytotoxic/cytostatic small-molecule library for 3 d. 
Doses tested were 10 µM and 500 nM. d, Chemical structure of the four prioritised chemical scaffolds (dCeMM1/2/3/4). 
dCeMM3-1 was structurally identical to dCeMM3 with a Br instead of the Cl. e, Dose-resolved, DMSO-normalised 
viability after 3-d dCeMM1/2/3/4 treatment in WT and UBE2Mmut KBM7 cells. Mean ± s.e.m.; n = 3 independent 
treatments. EC50s dCeMM1/2/3/4 (µM) WT = 3, 0.3, 0.6 and 0.4 and UBE2Mmut = 8, 4.2, 10.7 and 7. f, CRL-focused 
CRISPR resistance screen for dCeMM1. Top, bubble plot displaying median sgRNA enrichment over DMSO, bubble size 
indicates significance. Bottom, sgRNAs enrichment targeting indicated genes, background indicates distribution of all 
sgRNAs. Results shown are the median of two independent screens. g, Expression proteomics after dCeMM1 treatment 
(25 µM, 12 h). h, DMSO-normalised viability after 3-d dCeMM1 treatment in WT and DCAF15mut KBM7 cells. 
Mean ± s.e.m.; n = 3 independent treatments. i, RBM39 levels in WT and DCAF15mut KBM7 cells after indisulam (IND) 
or dCeMM1 treatment. Reproduced from 285. I have not contributed to these results. 
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2.2.2 dCeMM2-4 are cyclin K degraders  
To identify the mode of action of compounds dCeMM2-4, we followed the same multi-omics target 

deconvolution approach as for dCeMM1. Expression proteomics revealed that all three compounds lead to 

robust destabilization of cyclin K, with milder depletion of its cognate kinases CDK12 and CDK13 (Figure 

2.19a). Through immunoblotting, we showed that near-complete cyclin K degradation occurred within two 

hours (Figure 2.19b) and that this degradation was dependent on the proteosome (carfilzomib), E1 ubiquitin-

activating enzyme (TAK-243), and NAE (MLN4924) (Figure 2.19c). Importantly, saturating the active site of 

CDK12/13 through treatment with THZ531, a CDK12/13 covalent inhibitor, rescued cyclin K degradation, 

indicating that engagement of the CDK12/13 ATP pocket is required for cyclin K degradation (Figure 2.19c). 

We therefore tested whether dCeMM2-4 inhibit CDK12/13 and observed a measurable activity, albeit ten-fold 

lower than that of THZ531 and hence unlikely to account for their cytotoxicity (Figure 2.19d). 

To further validate CDK12/13-cyclin K as the target of dCeMM2-4, we performed mRNA-sequencing 

after drug exposure and observed that the resulting transcriptional profiles resembled those obtained upon 

selective CDK12/13 inhibition with THZ531, showing robust induction of apoptosis without a phase-specific 

cell-cycle arrest (Figure 2.19e, f). This functionally validated cyclin K as the phenotypically relevant target of 

dCeMM2-4. 
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Figure 2.19 a, DMSO-normalised expression proteomics after 5 h dCeMM2/3/4 treatment (2.5, 7 and 3.5 µM) in KBM7 
cells. Limma statistical analysis was used. b, Cyclin K levels after dCeMM2/3/4 treatment in KBM7 cells. c, dCeMM2 
(2.5 µM, 5 h) destabilises cyclin K. 30 min pre-treatment with 1 µM carfilzomib, 1 µM MLN4924, 10 µM TAK243 or 
1 µM THZ531 rescues cyclin K destabilization. d, Recombinant kinase assays of dCeMM2/2X and THZ531 inhibition on 
enzymatic activity of CDK12/13/7. Mean ± s.d., n = 2. e, dCeMM2/3/4 induce global transcriptional downregulation with 
phenotypic similarity to CDK12/13 inhibition by THZ531. Heatmap displays DMSO-normalised log2FC in gene 
expression for 27,051 transcripts, ranked by THZ531 log2FC. f, GSEA of 984 genes (log2FC < −4 and adj. P < 0.05) 
significantly downregulated after THZ531 treatment in comparison to dCeMM2/3/4 (FDR < 0.001). GSEA pre-ranked 
function was used (1,000 permutations). Reproduced from 285. I have not contributed to these results. 

 

To further study the mode of action of dCeMM2-4, we performed a CRISPR/Cas9 screen using a CRL-

focused library and showed that all three drugs depend on CUL4B and the adaptor protein DDB1, alongside 

identifying UBE2Z and UBE2G1 as the relevant ubiquitin priming and extending E2 enzymes. As these screens 

did not identify a CRL substrate receptor, we turned to genome-scale CRISPR/Cas9 screens to exclude the 

possibility of an orphan substrate receptor mediating cyclin K degradation. However, we again only identified 
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the same subset of genes (DDB1, CUL4B, UBE2M and UBE2G1) (Figure 2.20a), which we also individually 

validated to abrogate cyclin K degradation (Figure 2.20b, c, d).   

We sought to further validate these findings through isolation of clones that develop resistance 

following treatment of various cell types with excess concentrations of the compounds. We evaluated mutations 

in DDB1, CUL4A, CUL4B, UBE2M, UBE2G1, CDK12/13 and CCNK via a hybrid-capture based approach 

coupled to next-generation sequencing (Figure 2.20g). We observed a profound enrichment of missense 

mutations or focal deletions in DDB1, in particular in the cleft between BPA and BPC that has previously been 

identified as the interaction site of viral proteins that hijack CRL4 activity (Figure 2.20h, i, see also section 

1.1.3). We also identified mutations in the DDB1-binding domain of CUL4B (Figure 2.20h), and in CDK12 

and CDK13, albeit outside of their kinase domains. A hotspot of spontaneously arising resistance mutations in 

a DDB1 cavity previously employed by viral proteins for ligase reprogramming suggested that dCeMM2-4 

could mediate cyclin K recruitment and degradation in a way that bypasses a canonical substrate receptor 

module.  
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Figure 2.20 a, Genome-wide CRISPR dCeMM2/3/4 resistance screens. Top, bubble plot displaying median sgRNA 
enrichment over DMSO, bubble size indicates significance. Bottom, sgRNA enrichment targeting indicated genes, 
background indicates distribution of all sgRNAs. b–d, dCeMM2-induced cyclin K degradation (2.5 µM) is rescued in 
UBE2M-, CUL4B- (b), UBE2G1- (c) and DDB1-deficient cells (d). e, DMSO-normalised viability in WT and 3-d 
doxycycline (dox) pre-treated sgDDB1_1 and sgDDB1_2 dox-inducible Cas9 KBM7 cells after 3-d dCeMM3 treatment. 
Mean ± s.e.m.; n = 3 independent treatments. f, WT-normalised FC in EC50 based after dose-resolved 3-d viability 
experiments on exposure to the indicated drugs in the indicated genetic backgrounds. g, Targeted hybrid-capture approach 
coupled to next-generation sequencing to identify mutations in spontaneously dCeMM2/3/4-resistant cells. h, Depiction of 
DDB1 and CUL4B mutations identified by hybrid-capture sequencing in drug-resistant cell pools. Stars indicate point 
mutations. Red bars indicate premature stop codons. Arrows indicate frameshift mutations. i, Structure of DDB1 (grey) in 
complex with SV5V peptide (amino acids 21–39, blue), PDB 4HYE. DDB1 point mutations located within 20 Å of the 
peptide are highlighted in orange. Reproduced from 285. I have not contributed to these results. 
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We aimed to validate a drug-induced interaction between CUL4B-DDB1 and CDK12-cyclin K and set 

out to perform drug affinity chromatography using an amine-derivatised dCeMM3 analogue (dCeMM3NH2) 

immobilised on sepharose beads (Figure 2.21a, b). This indicated cyclin K and DDB1 as interacting proteins 

(Figure 2.21c), while the treatment of lysates with THZ531 prevented DDB1 and CCNK enrichment, which is 

in line with our earlier observations (Figure 2.19c, d). We also employed an alternative pulldown strategy, 

whereby cells were treated with dCeMM3 containing a photoactive diazirine moiety and an alkyne handle 

(dCeMM3PAP), UV-crosslinked, lysed, and the alkyne handle in CeMM3PAP was biotinylated for immobilization 

on streptavidin beads (Figure 2.21d). DDB1 and cyclin K appeared to again be enriched in the eluates, 

suggesting target engagement in intact cells (Figure 2.21e, f). These results therefore indicate simultaneous 

engagement of cyclin K and DDB1 in a CDK12/13-dependent manner by dCeMM3.  

To corroborate a direct interaction between CDK12-cyclin K and CUL4B-DDB1 in the absence of a 

CRL substrate receptor we employed a proximity-based labelling strategy. For this, we transiently expressed C-

terminally tagged DDB1 or CDK12 fusions with the biotin ligase miniTurbo (mTurbo)286 in HEK293s, treated 

cells with dCeMM2 or DMSO, and evaluated the difference in biotinylated (and therefore bait-proximal) 

proteins through streptavidin pulldowns (Figure 2.21g, h). We found that CDK12 was only identified as a 

DDB1 interactor in the presence of dCeMM2, and vice versa (Figure 2.21h). 

For a conclusive, final confirmation of direct, drug-induced binding of CDK12-cyclin K to DDB1, we 

reconstituted this interaction using recombinant proteins. Drug-induced proximity between CK12-cyclin K and 

DDB1 was detected using a TR-FRET assay (Figure 2.22a). While weak binding between DDB1 and CDK12-

cyclin K was observed in the presence of vehicle control (DMSO), treatment with dCeMM2 facilitated an 

interaction of DDB1 and CDK12-cyclin K with a Kapparent of 628 nM (Figure 2.21j). A similar affinity was 

measured for the dCeMM4-induced interaction, while inactive analogues of both compounds (dCeMM2X, 

dCeMM4X) failed to strengthen the binding (Figure 2.22b, c). 
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Figure 2.21 a, dCeMM3-NH2 chemical structure (dCeMM3 tethered analogue). b, Drug-affinity chromatography strategy 
based on probe-coupled agarose beads pulldowns after DMSO or THZ531 (competition) pre-treatment in lysates. c, Cyclin 
K and DDB1 enrichment in dCeMM3-NH2-based pulldowns. For quantification, eluted protein was normalised to protein 
available (input panels). THZ531-competed (100 µM, 1 h) ratios were set to 1. d, Chemical structure of dCeMM3-PAP 
(PAP, photoaffinity probe). e, Drug-target enrichment strategy based on cellular dCeMM3-PAP cotreatment with DMSO 
or THZ531 (100 µM, competition) after Carfilzomib pre-treatment (10 µM, 30 min). f, Cyclin K and DDB1 enrichment in 
dCeMM3-PAP-based pulldowns. For quantification, eluted protein was normalised to protein available (input panels). 
THZ531-competed (100 µM, 1 h) ratios were set to 1. g, Proximity labelling strategy to assess drug-induced dimerization 
in intact cells based on the biotin ligase mTurbo. h, Biotin-labelled CDK12 enrichment following 1 h DMSO or dCeMM2 
treatment in the presence of carfilzomib (10 µM) in human embryonic kidney cells transfected with DDB1-mTurbo 
fusion. i, Direct cyclin K immunoblotting of carfilzomib-pre-treated KBM7 cells after 2 h DMSO, dCeMM2 or 
THZ531 + dCeMM2 (10 µM) treatments. j, TR–FRET signal for CDK12-Alexa488cyclin K (0–5 μM) titrated to terbiumDDB1 
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in DMSO or 10 μM dCeMM2. ‘No DDB1’ only contains streptavidin–terbium. Data are means ± s.d. (n = 3). Kapparent (nM): 
DMSO: not determined, ‘no DDB1’: not determined, dCeMM2 = 628. Reproduced from 285. I have not contributed to the 
results shown in panels (a-i). 

 

 
Figure 2.22. a, Illustration of the TR-FRET assay setup. b, TR-FRET signal for CDK12-Alexa488cyclin K (0–5 μM) titrated 
to TerbiumDDB1 in DMSO or 10 μM dCeMM4/4×/2×. “No DDB1” only contains streptavidin-Terbium and is a control for 
fluorophore-mediated effects. Data are means ± SD (n = 3). Kapparent (nM): DMSO = n.d., no DDB1 = n.d., dCeMM4 = 651, 
dCeMM4X = n.d., dCeMM2X = n.d c, Chemical structures of inactive dCeMM2-4 analogues. Adapted from 285.  

 

2.2.3 Significance 

Hence, this work established a scalable strategy towards glue degrader discovery by comparative chemical 

screening in hypo-neddylated versus wild-type cellular models. It also identified a novel DCAF15-dependent 

molecular glue degrader (dCeMM1), as well as three compounds (dCeMM2-4) that induce ubiquitination and 

degradation of cyclin K by prompting an interaction of CDK12-cyclin K with a partial CRL4 ligase complex.  

The convergence of all three scaffolds on this mechanism of cyclin K degradation is unexpected given 

the structural differences among dCeMM2-4, as well as between these compounds and the other described 

molecular glue degrader CR8. Both in the case of dCeMM2-4 and of CR8, this interaction is independent of a 

dedicated substrate receptor, thus functionally separating this mechanism from previously described classes of 

thalidomide analogues and aryl sulphonamides.  
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Chapter 3 : Molecular glue degrader structure-activity relationship and 

design principles: a case study for cyclin K degraders 
 

This chapter contains unpublished data. I planned and performed the majority of experiments presented in the 

following sections. Chemical synthesis of over 60 derivatives was performed by Dakota Suchyta (Thomä laboratory, 

FMI). Vivian Focht, a Master student I supervised, performed many protein purifications, and assisted in TR-FRET 

experiments and crystallography. Crystallographic data analysis was performed with the help of Georg Kempf 

(Thomä laboratory, FMI). In the initial months of the project, Georg Petzold (Thomä laboratory, FMI) also actively 

participated in the biochemical and crystallographic experiments as well as in X-ray data processing. In cellulo results 

were collected by Mikołaj Słabicki, Charles Zou and Christina di Genua, who are (or were) all members of the Ebert 

laboratory (DFCI). Proteomics experiments were contributed by Katherine Donovan (Fischer laboratory, DFCI), 

while the analysis of RNA sequencing data was performed by Marius Jentzsch (Schmidt-Burgk laboratory, 

University of Bonn). 

 

3.1 Abstract 
Molecular glue degraders are an effective therapeutic modality, but their design principles are not well 

understood. Recently, several unexpectedly diverse compounds were reported to deplete cyclin K by linking 

CDK12-cyclin K to the DDB1-CUL4-RBX1 E3 ligase. To investigate how chemically dissimilar small 

molecules trigger cyclin K degradation, we evaluate over 90 candidate degraders in structural, biophysical, and 

cellular studies and reveal all compounds acquire glue activity via simultaneous CDK12 binding and 

engagement of DDB1 interfacial residues, in particular Arg928. While we identify multiple published kinase 

inhibitors as cryptic degraders, we also show that these glues do not require inhibitory properties for activity 

and that the relative degree of CDK12 inhibition versus cyclin K degradation is tuneable. We further 

demonstrate cyclin K degraders have transcriptional signatures distinct from CDK12 inhibitors and therefore 

offer unique therapeutic opportunities. The systematic structure-activity relationship analysis presented herein 

provides a conceptual framework for rational molecular glue design. 

 

3.2 Introduction  
The modulation of protein-protein interactions has become an important avenue of therapeutic intervention65,66. 

Recent advances in targeted protein degradation illustrate that compound-induced proximity between a ubiquitin 

ligase and a target protein can lead to target ubiquitination and degradation101,287,288. Of particular interest are 

molecular glue degraders, which are drug-like compounds that leverage complementary protein-protein 

interfaces to induce cooperative ligase-target interactions leading to target depletion289. Despite the clinical 

success of thalidomide derivatives and several recent, largely serendipitous discoveries of other molecular glue 

degraders134,152,285,290–292, the rules that govern their discovery, design and rational optimisation remain poorly 

defined293.  
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We recently reported that CR8, a preclinical cyclin-dependent kinase (CDK) inhibitor, is a molecular 

glue degrader that binds CDK12-cyclin K and recruits the DDB1-CUL4-RBX1 E3 ligase core to ubiquitinate 

cyclin K294. Structural studies revealed that CR8 binds the ATP pocket of CDK12, leaving a phenylpyridine 

moiety exposed on the kinase surface to induce complex formation with the ligase adaptor DDB1, which orients 

the CDK12-associated cyclin K in a position normally adopted by CRL4 substrates. CR8 therefore hijacks 

CDK12 in a manner that bypasses the requirement of a canonical substrate receptor (DCAF) typical for CUL4-

based E3 ligases. The extensive (~2100 Å2) DDB1-CDK12 interface is highly complementary and reveals a 

helical motif in the CDK12 C-terminal extension that engages DDB1 in a DCAF-like manner. While a basal 

affinity of ~50 µM was measured between DDB1 and CDK12-cyclin K in the absence of a compound, CR8 

enhanced this affinity into the low nanomolar range, leading to robust ubiquitination and degradation of cyclin 

K294. CR8 therefore shows dual activity, promiscuous CDK inhibition and selective cyclin K degradation, which 

leads to robust inactivation of CDK12, an emerging therapeutic target in oncology and beyond190,212,242,249. 

Recently, chemically distinct compounds have been found to degrade cyclin K285,290,291,295,296, but as several lack 

any obvious chemical similarity to CR8285,290,291, their precise mode of action remained unknown.  

The prospective development of molecular glue degraders would be greatly facilitated by systematic 

studies of large compound sets that evaluate ternary complex structures to inform on the structure-activity 

relationship (SAR). In comparison to other molecular glue degraders297,298, the chemical diversity across 

published cyclin K degraders is unusually broad, which presents a unique opportunity to delineate more 

generally how target-binding compounds can acquire gain-of-function molecular glue degrader activity. Herein, 

we perform a systematic dissection of the cyclin K degrader SAR by evaluating over 90 putative degraders, 

notably also identifying cyclin K degraders among unrelated scaffolds and published kinase inhibitors. Through 

crystallographic evaluation of 29 compound-induced ternary complexes, we find that while the small molecules 

are chemically diverse, they lead to the formation of an analogous ternary complex. We identify the key 

underlying interactions and show that the relative degree of kinase inhibition versus cyclin K degradation can 

be tuned with modifications and ultimately decoupled. We further demonstrate that cyclin K degraders have 

transcriptional signatures distinct from CDK12 inhibitors and therefore can offer unique therapeutic 

opportunities. Taken together, these findings provide a set of learnings for converting target binders into 

molecular glue degraders. 

 

3.3  Results 

3.3.1 CR8 retains glue activity despite diverse modifications 

To understand how chemically dissimilar compounds can commit cyclin K for degradation, we first focussed 

on the CR8 scaffold. The DDB1-CR8-CDK12-cyclin K complex crystal structure found the compound bound 

at the CDK12-DDB1 interface, with the phenylpyridine moiety of CR8 protruding towards DDB1 and bridging 

this interface (Figure 3.1a, b)294. We set out to dissect the CR8 SAR and explore whether moieties other than 

the phenylpyridine (substituents at position R1, hereafter referred to as gluing moieties (C6 position in the 2,6,9-
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trisubstituted nomenclature; Figure 3.1b)) could promote CDK12-DDB1 interactions. For this, we developed 

an optimised time-resolved fluorescence energy transfer (TR-FRET) assay that accurately measured in vitro 

complex formation between CDK12-cyclin K and DDB1 in the presence of closely related small molecules and 

confirmed that CR8 induces tight complex formation (EC50 = 16 ± 1 nM) (Figure 3.1c, d and Figure 3.2a-c; 

see also Chapter 4 for a detailed account of TR-FRET assay optimisation). To identify essential features of the 

gluing moiety, we also visualised the binding geometry through crystallization of ternary complexes (Tables 

3.1-3.5, Figure 3.3, and Supplementary Figures S3.1 and S3.2) with systematically varied derivatives.  

First, we set out to gauge the steepness of the CR8 SAR through the gradual simplification of its gluing 

moiety. A derivative bearing a biphenyl substituent (DS16) instead of the phenylpyridine displayed the same 

binding mode as CR8, with the purine core held in the CDK12 active site by two hydrogen bonds to the hinge 

(Met816), a region of the kinase, which connects the N- and C-terminal lobes of the catalytic domain (Figure 

3.1c, d). The compound is enclosed by a CDK12 loop (aa 731-743, with Ile733 approaching the ligand (Figure 

3.2d); omitted in most figure panels for clarity), and the gluing moiety engages in π-cation interactions with 

Arg928 of DDB1 (Figure 3.1d). Interestingly, DS16 showed activity equivalent to CR8, demonstrating that the 

hydrogen bond acceptor (HBA) in the ring is not required for robust complex formation in vitro (Figure 3.1c, 

d).). While a phenyl ring on a propyl chain (DS11) supported robust complex formation (EC50 = 57 ± 3 nM), 

shortening the chain by two alkyl carbons to yield roscovitine (the parent scaffold from which CR8 was 

developed) preserved the CR8-like binding mode at the interface but gave rise to much poorer recruitment (EC50 

= 703 ± 144 nM). Strikingly, even an octyl chain (DS06) protruding into DDB1 supported the formation of an 

analogous complex, albeit with a lower affinity (EC50 = 1162 ± 115 nM), likely through van der Waals contacts 

with Arg928 (Figure 3.1c, d). These findings showed that the ternary complex is surprisingly permissive to 

changes in CR8, leading us to ask whether simply filling the kinase pocket would be sufficient to induce the 

interaction. For this, we tested the di-substituted purine core alone, with only a methyl in R1 (DS23), and found 

that it did not appreciably support the binding, demonstrating that more extensive engagement of DDB1 residues 

by the compound is required for molecular glue activity (Figure 3.1c, d). Hence, we set out to explore broader 

R1 modifications to define the steric and spatial constraints of this cavity and dissect the contribution of specific 

contacts (π-cation interactions, hydrogen bonding) to complex formation. 
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Figure 3.1. Modifications of the CR8 scaffold preserve its molecular glue activity. a, Crystal structure of the DDB1-
CR8-CDK12-cyclin K complex (PDB 6TD3)294. The zoomed panel depicts the binding mode of CR8, with the 
phenylpyridine moiety (gluing moiety; shown in pale red) engaging DDB1 (shown in surface representation). b, Chemical 
structure of the 2,6,9-trisubstituted purine core. The R1 group is referred to as the gluing moiety and is coloured red 
throughout. c, Chemical structures of CR8, DS16, DS11, roscovitine, DS06, DS23 and ternary complex crystal structures 
of the DDB1-CDK12 interfaces induced by those compounds. d, In vitro TR-FRET complex formation assay for compound 
shown in (c) and DMSO. e, In vitro TR-FRET complex formation assay for DS08, DS15, CR8 and DMSO. f, Chemical 
structures of DS08 and DS15 and ternary complex crystal structures of interfaces induced by those compounds. 
Conformational restriction of the gluing moiety of DS15 is not entropically favourable, likely contributing to the lower 
ternary affinity for DS15 than for DS08. g, Overlay of ternary complex structures from (d, f). (c, d) Data represent the 
mean ± s.d. (n ≥ 2). (d, f) Interactions are represented by dashed lines. Hydrogen bonds to the hinge region are shown in 
pink, other hydrogen bonds in yellow, aromatic H-bonds in grey, and π-cation interactions in green. Density maps and 
interaction distances can be found in Supplementary Figures S3.1 and S3.2. 
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Table 3.1. Data collection and refinement statistics for structures presented in Figure 3.1.  

Ligand Roscovitine DS06 DS08 DS11 DS15 DS16 

Data collection 
      

Space group P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 

Cell dimensions 
      

a, b, c (Å) 249.461 

249.461 

216.033 

249.379 

249.379 

218.443 

248.901 

248.901 

218.059 

249.356 

249.356 

217.993 

249.635 

249.635 

218.865 

249.675 

249.675 

218.54 

a, b, g  (°) 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 

Resolution (Å) 216.037-3.505 

(3.707-3.505) 

215.946- 3.618 

(3.784- 3.618) 

215.488-3.406 

(3.473- 3.506) 

215.949-3.402 

(3.577-3.402) 

216.19-3.359 

(3.548-3.359) 

216.225-3.082 

(3.251-3.082) 

Rsym or Rmerge 0.45 (6.23) 0.243 (4.866) 0.173 (3.237) 0.234 (3.985) 0.248 (4.694) 0.17 (4.272) 

Rpim 0.1 (1.385) 0.078 (1.438) 0.055 (0.995) 0.052 (0.871) 0.055 (1.032) 0.038 (0.94) 

I / sI 9.5 (1) 11.6 (0.8) 15.5 (1.1) 11.5 (0.9) 8.1 (0.8) 16.7 (0.9) 

CC1/2 0.997 (0.3) 0.999 (0.41) 0.999 (0.514) 0.999 (0.407) 0.998 (0.37) 0.999 (0.374) 

Completeness 

(ellipsoidal, %) 

95.5 (59.1) 95.8 (59.8) 91.2 (52.8) 94.4 (68.8) 96.1 (64.5) 96.7 (70.5) 

Redundancy 21 (21.2) 21.1 (22.6) 20.8 (21.4) 20.9 (21.6) 21 (21.6) 21 (21.6) 
       

Refinement 
      

Resolution (Å) 68.32  - 3.51 

(3.636  - 3.51) 

71.98  - 3.62 

(3.75  - 3.62) 

68.85  - 3.41 

(3.615  - 3.41) 

53.99  - 3.402 

(3.523  - 3.402) 

60.19  - 3.362 

(3.482  - 3.362) 

60.17  - 3.082 

(3.192  - 

3.082) 

No. reflections 82808 (1944) 89329 (2578) 92840 (8099) 91146 (2233) 95319 (2080) 122705 (2868) 

Rwork / Rfree 0.1923 / 

0.2345 

0.1760 / 

0.2128 

0.1867 / 

0.2129 

0.1856 / 

0.2260 

0.1822 / 

0.2187 

0.2119 / 

0.2352 

No. atoms 33889 33887 33939 33953 34033 34002 

Protein 33736 33736 33736 33736 33736 33736 

Ligand/ion 231 259 292 319 405 356 

Water 0 0 0 0 0 0 

B-factors 153.5 162.70 147.34 143.01 146.03 116.85 

Protein 153.5 162.66 147.24 142.95 145.88 116.74 

Ligand/ion 153.27 171.43 164.26 152.2 163.18 130.55 

Water 
      

R.m.s. deviations 
      

Bond lengths (Å) 0.006 0.005 0.004 0.007 0.006 0.006 

Bond angles (°) 0.93 0.87 0.78 0.95 0.9 0.92 
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Figure 3.2. The mapping of interfacial pocket dimensions and key interactions with derivative series. a, Fluorescent 
label positions chosen for the optimized TR-FRET assay. b, Schematic of the compound titration used for ternary complex 
formation assessment. c, Optimized in vitro TR-FRET complex formation assay for CR8 and roscovitine reveals a large 
difference in activity between the two compounds in accordance with the lack of cyclin K degradation activity of 
roscovitine in cells1. The large difference in EC50 values between CR8 and roscovitine indicates that the assay is an 
appropriately sensitive readout for the evaluation of closely related compounds. d, Illustration of the CDK12 loop (aa 731-
743) that encloses the active site, with the Ile733 sidechain oriented towards the compound. This loop is omitted from most 
figure panels for clarity 
 
 
 
 

 
Figure 3.3. Illustration of crystallization conditions that yielded best diffracting crystals resulting in the presented 
structures. Each data point corresponds to a different compound and the published conditions for CR8 are marked in green. 
a, Fine screen with the concentration of ammonium sulphate (precipitate) and pH of the HEPES buffer varied. b, Fine 
screen with two precipitants (ammonium citrate and ammonium sulphate) with their concentrations varied. Crystallisation 
screening is illustrated in detail in Figure 6.2 in the Methods section.  
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Figure 3.4. Aliphatic moieties do not support effective CDK12-DDB1 complex formation. a, Chemical structures of a 
series of derivatives bearing aliphatic chains at the R1 position (left). In vitro TR-FRET complex formation assay for the 
compounds shown, DMSO, and CR8 (right). b, Chemical structures of a series of derivatives bearing saturated rings at the 
R1 position (left). In vitro TR-FRET complex formation assay for the compounds shown, DMSO, and CR8 (right). c, The 
impact of aromaticity on ternary complex formation. Chemical structures of two aromatic-aliphatic pairs and the associated 
in vitro TR-FRET compound titration results. Comparing the two matched pairs, the cyclohexane-bearing DS32 showed 
ten-fold weaker binding than DS11, while the DS12-roscovitine pair with equivalent rings but on a shorter chain showed 
comparably poor binding. This is likely due to the shorter chain in roscovitine only supporting complex formation through 
dispersion forces even when an aromatic ring is present2. d, Chemical structures of a series of derivatives bearing an alkyl 
phenyl R1 group with the alkyl linker varying in length (left). In vitro TR-FRET complex formation assay for the 
compounds shown, DMSO, and CR8 (right). e, Chemical structures of several derivatives containing fused or multiple 
rings (left). In vitro TR-FRET complex formation assay for the compounds shown, DMSO, and CR8 (right). Crystal 
structures with compounds DS08 and DS15 are displayed in Figure 3.1f. (a-e) Data represent the mean ± s.d. (n ≥ 2). 

 

3.3.2 Pi-cation interactions are important for robust complex formation 

To explore the importance of interactions between the DDB1 Arg928 and the solvent-exposed arene moiety of 

the ligand, we systematically surveyed compounds that feature aliphatic chains (DS01, 36) or rings (DS12, 32, 

33, 37, 38) as their gluing moieties and found these did not support robust complex formation (Figure 3.4a-c). 
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To investigate the optimal arene placement for π-cation contacts to Arg928, while also probing the dimensions 

and steric constraints of the DDB1-compound interface, we mapped the cavity with a derivative series bearing 

phenyl gluing moieties on alkyl chains of varying length (Figure 3.4d). DS11 was a robust glue (Figure 3.1c, 

d) and while derivatives with longer chains (DS09, DS02, DS10; four-six carbon chain) were somewhat 

tolerated (5-10-fold lower affinity than DS11), shorter chains in roscovitine or DS31 (one-two carbon chain) 

showed more deleterious effects (12-22-fold lower affinity) (Figure 3.4d). We then probed the impact of larger 

π-systems by introducing naphthalene-containing gluing moieties. Compound DS08 served as an efficient 

complex inducer (EC50 = 60 ± 2 nM), likely due to favourable interactions of the extended π system with 

Arg928299,300, while a naphthalene on a longer chain (DS15) was only accommodated with a suboptimal 

geometry (EC50 = 182 ± 19 nM) (Figure 3.1e, f). Rigidifying the linker by adding an additional phenyl ring 

(DS05) led to very poor DDB1 recruitment, while introducing three consecutive rings (DS04) entirely abolished 

binding (Figure 3.4e). These findings underscore the importance of the correct positioning of the arene for 

optimal Arg928 interactions and identify steric constraints for bulky compounds that lack conformational 

plasticity.  

We further assessed the impact of the π-cation interaction between the compound and DDB1 Arg928 

by comparing DS11 with compounds bearing pyridine (DS27), furan (DS34) or methylpyrazole (DS35) gluing 

moieties. The phenyl ring in DS11 was strongly preferred over electron-poor (pyridine) but also electron-rich 

(furan, methylpyrazole) heterocycles (Figure 3.5a, b). Moreover, we saw that complex formation could be 

subtly improved by simple derivatisation of DS11, with a methyl substitution of the phenyl ring (DS30) leading 

to slightly higher affinity (EC50 = 35 ± 1 nM) and the binding mode preserved (Figure 3.5c-e). Notably, 

dimethyl (DS66; EC50 = 18 ± 1 nM) and dichloro (DS65; EC50 = 21 ± 1 nM) derivatives both showed CR8-level 

in vitro recruitment of CDK12 to DDB1 (Figure 3.5c, d). We also explored exchanging the phenyl rings in the 

R1 of CR8 for heterocycles or substituted arenes (e.g. DS43 or DS25) and observed only small changes in ternary 

complex affinity (Figure 3.6a-c). This identifies interactions between Arg928 and diverse aromatic groups in 

the ligand’s gluing moiety as key mediators of DDB1-CDK12 molecular glue degrader activity. 

 

3.3.3 Hydrogen bonding interactions of the gluing moiety more weakly modulate affinity 

Next, we focussed on putative hydrogen bonding interactions of the gluing moiety. As the nitrogen in the CR8 

pyridine ring could serve as a potential HBA, we systematically explored the importance of its presence and 

position in the gluing moiety. Changing the phenylpyridine to biphenyl (CR8 to DS16) (Figure 3.1c, d) or 

methylpyridine to tolyl (DS69 to DS30) (Figure 3.5c, d) had no effect on in vitro activity, suggesting that the 

HBA is dispensable, or that its absence can be compensated by the more electron-rich nature of benzene 

compared to pyridine and hence better π-cation interactions with Arg928. We also tested whether changing the 

nitrogen position in the ring impacts ternary complex formation and found that 4-pyridyl (DS44) and 3-pyridyl 

(DS45) were two- to three-fold poorer recruiters than CR8 (2-pyridyl) (Figure 3.6d, e).  



 96 

 Our structural evaluation highlighted the CDK12 residue Tyr815 in proximity of the binding pocket as 

a potential additional hydrogen-bonding contact. This residue is only present in CDK12/13 and hence its 

engagement by the ligand could confer specificity within the CDK family (Figure 3.6f). In an attempt to 

leverage this residue, we designed WX3 bearing a 2-pyridinone ring instead of the first phenyl ring of CR8 

(Figure 3.6a, g). Crystallographic analysis showed the C=O functionality within hydrogen-bonding distance to 

Tyr815 and the N-H interacting with the Met816 carbonyl, yet the binding affinity did not improve (EC50 = 21 

± 1 nM) (Figure 3.6b, g). Other modifications, such as installing a fluorine at this position (DS24), led to 

decreased affinity (Figure 3.6a, b, g).  

In summary, the exploration of CR8 SAR around the R1 position demonstrated that a surprisingly wide 

range of gluing moieties (arenes and heteroarenes of varying size, but also aliphatic groups – albeit weakly) can 

engage the Arg928 side chain and therefore facilitate DDB1-CDK12 interactions. We show that while the HBA 

is dispensable, appropriate steric and electronic properties for effective π-cation interactions with DDB1 are 

required for high-affinity complex formation. The position of DDB1 Arg928 remains relatively static in all 

structures determined, likely due to its interaction with CDK12 Asp819 anchoring it in this position (Figure 

3.1g). We conclude that diverse substituents can be accommodated in this ~370 Å3 CDK12-DDB1 interfacial 

cavity in disparate ways, with each proficient molecular glue compound engaging DDB1 Arg928.  

 

 

 
Figure 3.5. Miscellaneous modifications of CR8-like scaffolds. a, Chemical structures of derivatives bearing 
heterocyclic gluing moieties. b, In vitro TR-FRET complex formation assay for compounds shown in (a), DMSO, and 
CR8. c, Chemical structures of several compounds derived from simple modifications of the simplified CR8-like scaffold 
DS11. d, In vitro TR-FRET complex formation assay for compounds shown in (c), DMSO, and CR8. e, Crystal structure 
of the ternary complex formed with DS30 (chemical structure in (c)) (left) and overlay of the binding mode of DS11 and 
DS30 (right). Interactions are represented by dashed lines. Hinge hydrogen bonds are shown in pink, aromatic H-bonds in 
grey, other hydrogen bonds in yellow, and π-cation interactions in green. 
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Multiple sequence alignment of different human CDKs highlighting a unique tyrosine residue in CDK12/13 (Tyr815 in 
CDK12). l, Structures of interfaces induced by WX3 and DS24. (b, d, g, i) Data represent the mean ± s.d. (n ≥ 2). (e, h, l) 
Interactions are represented by dashed lines. Hinge hydrogen bonds are shown in pink, aromatic H-bonds in grey, other 
hydrogen bonds in yellow, and π-cation interactions in green. 
 
 
 

 
Figure 3.6. Other R1 modifications of the CR8 scaffold. a, Chemical structures of various CR8 derivatives. b, In vitro 
TR-FRET complex formation assay for compounds shown in (a), DMSO, and CR8. c, Ternary complex crystal structures 
with DS43. d, In vitro TR-FRET complex formation assay for compounds shown in (e), DMSO, and CR8. e, Chemical 
structures of CR8 derivatives where the location of the purine nitrogen is varied. f, Multiple sequence alignment of different 
human CDKs highlighting a unique tyrosine residue in CDK12/13 (Tyr815 in CDK12). g, Structures of interfaces induced 
by WX3 and DS24. (b, d,) Data represent the mean ± s.d. (n ≥ 2). (c, g) Interactions are represented by dashed lines. Hinge 
hydrogen bonds are shown in pink, aromatic H-bonds in grey, other hydrogen bonds in yellow, and π-cation interactions 
in green. 

 
Table 3.2. Data collection and refinement statistics for structure presented in Figure 3.5 and Figure 3.6. 

Ligand DS24 DS30 DS43 WX3 

Data collection     

Space group P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 

Cell dimensions     

a, b, c (Å) 
249.8 249.8 

218.078 

248.058 

248.058 

221.169 

250.162 

250.162 

218.849 

249.143 

249.143 217.39 

a, b, g  (°) 90 90 120 90 90 120 90 90 120 90 90 120 
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Resolution (Å) 
216.333-3.58 

(3.83-3.58) 

214.825-3.408 

(3.586-3.408) 

216.647-3.199 

(3.393-3.199) 

215.765-3.789 

(4.019-3.789) 

Rsym or Rmerge 0.274 (4.361) 0.188 (4.171) 0.167 (3.462) 0.564 (5.81) 

Rpim 0.061 (0.986) 0.042 (0.915) 0.037 (0.753) 0.125 (1.291) 

I / sI 10.1 (0.9) 13.6 (0.9) 14.6 (1) 7 (0.7) 

CC1/2 0.998 (0.329) 0.999 (0.372) 0.999 (0.463) 0.994 (0.294) 

Completeness 

(ellipsoidal, %) 
95 (56.7) 96 (63.4) 96.4 (69.6) 95.5 (64.4) 

Redundancy 21.1 (20.5) 21 (21.7) 21 (22.1) 21.2 (21.1) 
     

Refinement     

Resolution (Å) 
54.08  - 3.58 

(3.708  - 3.58) 

54.58  - 3.411 

(3.533  - 3.411) 

54.3  - 3.2 

(3.315  - 3.2) 

37.21  - 3.79 

(3.925  - 3.79) 

No. reflections 72805 (733) 92797 (2388) 105010 (1931) 63860 (1063) 

Rwork / Rfree 
0.1826 / 

0.2299 

0.1885 / 

0.2268 

0.1904 / 

0.2211 

0.1912 / 

0.2338 

No. atoms 33965 33967 33910 33895 

Protein 33736 33595 33736 33736 

Ligand/ion 313 468 285 243 

Water 0 0 0 0 

B-factors 166.05 151.34 130.37 156.45 

Protein 165.92 151.08 130.34 156.49 

Ligand/ion 185.28 174.46 137.15 148.61 

Water     

R.m.s. deviations     

Bond lengths (Å) 0.006 0.006 0.003 0.006 

Bond angles (°) 0.98 0.92 0.64 0.88 

 

3.3.4 Diverse R2 modifications are tolerated for DDB1-CDK12 complex formation 

Given the tolerance of the CR8 gluing moiety to chemical diversification, we next explored modifications of 

other positions on this scaffold. As the R3 group faces into the kinase pocket and would only be expected to 

govern binary binding, we instead focussed on the aminobutanol moiety at the R2 position, which in the CR8-

induced complex is largely solvent-exposed. The inversion at this stereocentre (S-CR8; DS28; EC50 = 32 ± 1 

nM) or introducing a morpholino at the R2 position (DS19; EC50 = 14 ± 0.3 nM) gave rise to compounds with 

comparable activity to CR8 (R-CR8 is referred to as CR8 throughout) (Figure 3.7a, b and Figure 3.8), 

suggesting that hydrogen-bonding interactions observed between R2 and the CDK12 backbone do not strongly 

contribute to binding. Installation of a hydroxyethyl piperidine functionality, present in the potent CDK inhibitor 

dinaciclib301, at this position (DS70) also yielded a potent cyclin K molecular glue (EC50 = 18 ± 1 nM), while 

substituting with a dichloropyridine (DS48) or pyrazole (DS52) led to a few-fold lower affinity (Figure 3.7a, 

b). In pursuit of more structurally diverse compounds, we performed R-group docking at this position using 

Glide (Schrödinger) and selected several compounds stipulated to engage in additional interactions (Figure 

3.7c). We crystalised a ternary complex with DS59, bearing an imidazole sulphonamide, but only observed 
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medium activity (EC50 = 101 ± 5 nM) (Figure 3.7c-e). Compound DS50, with the R2 taking the role of a second 

gluing moiety contacting DDB1 in the docked pose, yielded a crystal structure with the R2 substituent in multiple 

conformations (Figure 3.7c, d, f).  

The examination of the CR8 SAR showed that this scaffold is amenable to extensive modifications. 

While changes at the R1 position are the most consequential for gain-of-function glue activity, derivatisation at 

R2 further affects complex formation, and both R1 and R2 can be used to tune properties of the compound. Taken 

together, substantial changes in the compound structure, size, and the geometry of the key interaction with 

DDB1 Arg928 are accommodated with surprisingly small penalties in glue-induced binding affinity. 

 

 
Figure 3.7. Modification of the R2 group of the CR8 scaffold. a, Chemical structures of derivatives with various R2 
substituents, e.g. inspired by SR-4835 (DS19), dinaciclib (DS70) or 21195 (DS48). b, In vitro TR-FRET complex 
formation assay for compounds shown in (a), DMSO, and CR8. c, Chemical structures of compounds obtained through R-
group docking at the R2 position. d, In vitro TR-FRET complex formation assay for compounds shown in (c), DMSO, and 
CR8. e, Crystal structure of the ternary complex formed with DS59 (chemical structure in (c)). Interactions are represented 
by dashed lines. Hinge hydrogen bonds are shown in pink, aromatic H-bonds in grey, and π-cation interactions in green. 
Possible π-cation interactions between the diazole and proximal CDK12 lysine residues (K756, K861) were omitted for 
clarity. f, Crystal structure of the ternary complex formed with DS50 (chemical structure in (c)). At the contour level of 1σ 
the R2 substituent could not be unambiguously fit into the density and wire representation marks the part of the molecule 
set to zero occupancy. Two probable conformations are shown. (b, d) Data represent the mean ± s.d. (n ≥ 2). 

 

Table 3.3. Data collection and refinement statistics for structures presented in Figure 3.7, Figure 3.9, and Figure 3.10.  

Ligand DRF053 DS50 DS55 DS59 DS61 

Data collection      

Space group P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 
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Cell dimensions      

a, b, c (Å) 

249.436 

249.436 

218.342 

250.266 

250.266 

217.643 

249.272 

249.272 

220.107 

249.522 

249.522 

218.546 

249.701 

249.701 

218.495 

a, b, g  (°) 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 

Resolution (Å) 
216.018-3.505 

(3.697-3.505) 

216.737-3.643 

(3.812-3.643) 

215.874-3.446 

(3.678-3.446) 

216.091-3.253 

(3.43-3.253) 

216.248-3.246 

(3.416-3.246) 

Rsym or Rmerge 0.154 (3.927) 0.523 (5.933) 0.214 (4.134) 0.239 (4.223) 0.191 (4.157) 

Rpim 0.034 (0.876) 0.115 (1.262) 0.048 (0.933) 0.053 (0.936) 0.043 (0.928) 

I / sI 14.7 (0.9) 7.9 (0.8) 12.9 (1) 12.4 (0.9) 15.3 (0.9) 

CC1/2 0.999 (0.406) 0.993 (0.273) 0.999 (0.401) 0.998 (0.379) 0.999 (0.392) 

Completeness 

(ellipsoidal, %) 
96.1 (63.9) 96.1 (61.5) 95.1 (59.8) 94.2 (66.9) 94.8 (67.9) 

Redundancy 21 (21) 21.4 (23) 21 (20.5) 20.8 (21.3) 20.8 (21) 
      

Refinement      

Resolution (Å) 
60.11  - 3.505 

(3.63  - 3.505) 

97.01  - 3.643 

(3.774  - 3.643) 

60.68  - 3.451 

(3.574  - 3.451) 

60.14  - 3.261 

(3.377  - 3.261) 

60.41  - 3.253 

(3.369  - 3.253) 

No. reflections 84844 (1634) 79775 (2354) 76905 (1074) 101831 (2338) 104899 (2675) 

Rwork / Rfree 
0.1887 / 

0.2300 

0.1967 / 

0.2412 

0.2218 / 

0.2492 

0.2129 / 

0.2331 

0.1865 / 

0.2187 

No. atoms 33938 34102 33862 33923 33931 

Protein 33736 33736 33736 33736 33736 

Ligand/ion 289 570 192 277 285 

Water 0 0 0 0 0 

B-factors 171.79 139 152.26 130.19 135.35 

Protein 171.75 139.05 152.34 130.16 135.33 

Ligand/ion 179.67 134.94 131.56 135.34 139.52 

Water      

R.m.s. deviations      

Bond lengths (Å) 0.005 0.006 0.006 0.003 0.004 

Bond angles (°) 0.91 0.95 0.9 0.71 0.7 

 

3.3.5 CDK12-selective inhibitors can be cyclin K degraders 

Having established that gluing activity is common among CR8 derivatives, we next aimed to explore whether 

purine-based compounds with more diverse substituents might also show gain-of-function molecular glue 

activity. For this, we turned to published kinase inhibitors (Figure 3.8a-d, Figure 3.9). We first focussed on the 

CDK12-selective inhibitor SR-4835242,302, a compound with a CR8-like 2,6,9-trisubstituted purine structure but 

with different R1-3 substituents. SR-4835 potently recruited DDB1 to CDK12-cyclin K in our assay (EC50 = 16 

± 1 nM) (Figure 3.8a, d), which is consistent with a recent report that it degrades cyclin K290. Crystallisation of 

the ternary complex revealed that SR-4835 binds in a manner similar to CR8, yet it induces conformational 

changes in the N-lobe of the kinase, most notably in the aa 731-743 loop, with small variations propagating 
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across the complex (Figure 3.9a) (RMSDCR8 = 1.6 Å). The imidazole ring of the gluing moiety interacts with 

DDB1 Arg928 and is additionally positioned by hydrogen-bonding interactions with Tyr815 and Asp819 of 

CDK12 (Figure 3.8a). As Tyr815 is a conserved phenylalanine in other CDKs, this interaction likely explains 

the high inhibitory selectivity of SR-4835 for CDK12/13. We also observed additional CDK12-ligand contacts, 

with π-π interactions between methylpyrazole and the kinase gatekeeper residue Phe813, a putative halogen 

bond to DDB1 Asn907, and two CAr-H···O interactions with the backbone carbonyl of Glu814. 

To better understand the contributions of the SR-4835 structural features to its activity, we evaluated 

its derivatives (Figure 3.9b-e). At R1, an unsubstituted benzimidazole gluing moiety (DS55) showed a similar 

binding mode and only slightly impaired recruitment (EC50 = 36 ± 2 nM), while exchanging the benzimidazole 

for an indole (DS56) largely abolished activity (EC50 = 2114 ± 252 nM), highlighting the importance of the two 

hydrogen-bonding interactions made possible by the imidazole moiety in SR-4835 (Figure 3.9c-e). We also 

synthesised six compounds that are hybrids of SR-4835 and CR8 (DS17-DS22), yielding a series bearing all 

possible combination of the R1-3 substituents (Figure 3.8e, f). While DS17-19, DS22, CR8 and SR-4835 

promoted very robust in vitro complex formation and yield crystallisable complexes, compounds DS21 and 

DS20, both of which possess the phenylpyridine gluing moiety of CR8 and the SR-4835-derived methylpyrazole 

in R3, performed considerably poorer in TR-FRET, with the resulting complexes refractory to structural 

characterisation. We conclude that these two bulky substituents cannot be accommodated at the same time, 

while all other combinations permit effective complex formation, with DS17-19 being among the most potent 

recruiters in our compound series (Figure 3.8e, f and Figure 3.9b).  

 Changing the position of one nitrogen atom in the purine ring system was previously reported to 

increase potency for CR8237,295,303,304. We therefore evaluated the effect of such scaffold hopping in the case of 

SR-4835, while keeping the R1-3 substituents unchanged (DS74). The resulting compound DS74, however, 

performed comparably to SR-4835 in TR-FRET (EC50 = 20 ± 1 nM) (Figure 3.9f, g). Multiple structurally 

related compounds were disclosed in a recent patent (WO2021116178)305, and we chose to evaluate three of 

these reported degraders (DS71-73 corresponding to P133, P25, and P342 respectively) based on their reported 

potency and similarity to other small molecules in our series (Figure 3.9f). TR-FRET measurements revealed 

these molecules facilitate complex formation in vitro with affinities comparable to CR8 and SR-4835 (12 nM < 

EC50 < 28 nM), with DS72 performing the best (Figure 3.9g). Compound DS71 and DS72 feature a 

difluorobenzimidazole gluing moiety previously reported to enhance CDK12 binding221. We investigated 

whether a simple substitution of the CR8 phenylpyridine for this moiety would result in higher potency (DS64) 

but found that it decreased the in vitro activity (EC50 = 41 ± 2 nM) (Figure 3.9f, g). Thus, purine scaffold 

hopping does not independently enhance gluing activity but can yield highly potent glues (DS71-73) in 

combination with appropriate R1-R3 substituents. 
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Figure 3.8. Published CDK inhibitors have cryptic molecular glue degrader activity. a, Chemical structure of SR-
4835 and ternary complex crystal structure of the DDB1-CDK12 interface induced by the compound. b, Chemical structure 
of 21195 and ternary complex crystal structure of the DDB1-CDK12 interface induced by the compound. c, Chemical 
structure of 919278 and ternary complex crystal structure of the DDB1-CDK12 interface induced by the compound. d, In 
vitro TR-FRET complex formation assay for compound shown in (a-c), CR8, and DMSO. e, In vitro TR-FRET complex 
formation assay for DS17-22, which are hybrids of CR8 and SR-4835. f, Chemical structures of CR8/SR-4835 hybrid 
compounds and ternary complex crystal structures of the DDB1-CDK12 interfaces induced by DS17, DS18, DS19, and 
DS22. (d, e) Data represent the mean ± s.d. (n ≥ 2). (a-c, f) Interactions are represented by dashed lines. Hinge hydrogen 
bonds are shown in pink, other hydrogen bonds in yellow, aromatic H-bonds in grey, π-cation interactions in green, π-π 
interactions in cyan and halogen bonds in purple.    

 

Table 3.4. Data collection and refinement statistics for structures presented in Figure 3.8. 

Ligand SR-4835 21195 919278 DS17 DS18 DS19 DS22 

Data collection        

Space group P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 

Cell dimensions        

a, b, c (Å) 

249.938 

249.938 

219.302 

248.709 

248.709 

218.615 

250.357 

250.357 

217.567 

249.447 

249.447 

218.45 

249.896 

249.896 

218.57 

249.689 

249.689 

217.939 

250.401 

250.401 

215.706 

a, b, g  (°) 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 

Resolution (Å) 
216.453-

3.134 

215.366- 

3.245 

216.791- 

3.193 

216.027-

2.984 

216.416-

3.127 

216.169- 

3.42 (3.621- 

3.42) 

152.931-

3.079 
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(3.333-

3.134) 

(3.396- 

3.245) 

(3.361- 

3.193) 

(3.138-

2.984) 

(3.317-

3.127) 

(3.215-

3.079) 

Rsym or Rmerge 
0.172 

(3.727) 

0.157 

(4.443) 
0.191 (4.11) 

0.165 

(3.756) 

0.201 

(3.627) 

0.238 

(3.982) 

0.173 

(4.747) 

Rpim 
0.038 

(0.824) 
0.05 (1.35) 

0.061 

(1.245) 

0.037 

(0.822) 

0.045 

(0.795) 

0.076 

(1.218) 

0.039 

(1.032) 

I / sI 15.1 (1) 16.4 (0.9) 14.9 (0.9) 16.4 (1) 12.3 (1) 10.8 (0.9) 17.2 (0.8) 

CC1/2 
0.999 

(0.445) 

0.999 

(0.385) 

0.999 

(0.443) 

0.999 

(0.401) 

0.999 

(0.441) 

0.998 

(0.435) 

0.999 

(0.328) 

Completeness 

(ellipsoidal, %) 
96.4 (70.1) 96.1 (61.6) 96.5 (67.6) 96.6 (68.2) 96.1 (65.1) 96 (65) 96.1 (64) 

Redundancy 21 (21.4) 21.1 (22.0) 21.1 (22.1) 21 (21.8) 20.9 (21.7) 21.0 (21.5) 21 (22.1) 
        

Refinement        

Resolution (Å) 

60.58  - 

3.134 (3.246  

- 3.134) 

72.87  - 

3.245 (3.361  

- 3.245) 

68.77  - 

3.193 

(3.307  - 

3.193) 

60.12  - 

2.984 (3.091  

- 2.984) 

60.2  - 3.13 

(3.242  - 

3.13) 

48.66  - 3.42 

(3.542  - 

3.42) 

60.05  - 

3.091 (3.201  

- 3.091) 

No. reflections 
108137 

(1775) 

110924 

(3254) 

130192 

(2849) 

139125 

(3433) 

112666 

(1796) 

105712 

(1556) 

128680 

(4328) 

Rwork / Rfree 
0.2104 / 

0.2335 

0.1972 / 

0.2237 

0.1996 / 

0.2251 

0.1945 / 

0.2217 

0.1970 / 

0.2239 

0.1882 / 

0.2191 

0.2209 / 

0.2426 

No. atoms 33952 33999 33925 33919 34034 33940 33908 

Protein 33796 33736 33736 33736 33736 33736 33736 

Ligand/ion 231 347 282 375 364 297 238 

Water 0 0 0 0 0 0 0 

B-factors 131.29 141.48 122.92 110 113.99 151.57 115.15 

Protein 131.35 141.36 122.88 110.04 113.8 151.54 115.17 

Ligand/ion 118.4 156.40 130.80 102.77 135.9 157.28 111.2 

Water        

R.m.s. deviations        

Bond lengths (Å) 0.007 0.005 0.005 0.007 0.007 0.006 0.006 

Bond angles (°) 1.01 0.84 0.90 0.94 0.99 0.93 0.93 
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Figure 3.9. Evaluation of reported molecules and their derivatives for cryptic molecular glue activity. a, SR-4835 
causes conformational changes in the N-lobe of CDK12 as compared to CR8. The overlay depicts the SR-4835 structure 
in darker colours (dark blue for CDK12, orange for DDB1) and CR8 in lighter colours (light blue for CDK12 and yellow 
for DDB1). SR-4835 compound is shown as sticks in pink and CR8 in grey. b, Overlay of the CR8 and SR-4835 complex 
structure alone (left) or including DS17, DS18, D19 and DS22 (right). c, Crystal structure of the ternary complex formed 
with DS55 (chemical structure in (d)). d, Chemical structures of SR-4835 derivatives. e, In vitro TR-FRET complex 
formation assay for compounds shown in (d) as well as CR8 and DMSO. f, Chemical structures of compounds disclosed 
in patent WO2021116178305 (the original name quoted below each structure) and our derivative DS64 bearing the same 
gluing moiety as DS71 and DS72. Scaffold hopping in the purine core is emphasized with a green highlight. g, In vitro 
TR-FRET complex formation assay for compounds shown in (f), DMSO, and CR8. h, In vitro TR-FRET complex 
formation assay for roscovitine, DRF053, flavopiridol, THZ531, DMSO, and CR8. i, Crystal structure of the ternary 
complex formed with DRF053 and the chemical structure of DRF053. j, In vitro TR-FRET complex formation assay for 
various known inhibitors. (e, g, h, j) Data represent the mean ± s.d. (n ≥ 2). (c, i) Interactions are represented by dashed 
lines. Hinge hydrogen bonds are shown in pink, aromatic H-bonds in grey, and π-cation interactions in green. 
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3.3.6 Hydrophilic moieties can engage DDB1 to degrade cyclin K 

To identify more diverse DDB1-CDK12 molecular glues and therefore further interrogate the SAR, we 

performed virtual screening of the ZINC kinase inhibitor library against the DDB1-CDK12 interface306. We 

reasoned that kinase binders constitute a promising pool of putative degraders, as their distinct solvent-facing 

moieties could leverage diverse exit vectors for DDB1 engagement or show unique interactions. One prominent 

hit was the CRK inhibitor 21195 (RGB-286147)307 (Figure 3.8b). Crystallographic analysis showed that, 

despite a seemingly different chemical structure, 21195 displays a similar binding mode to CR8 and potently 

promotes ternary complex formation (EC50 = 12 ± 0.4 nM) (Figure 3.8b, d). The pyrazolopyrimidone core is 

rotated by 90 degrees with respect to the CR8 purine to allow favourable hinge interactions while the three 

substituents occupy equivalent positions to R1-3 of CR8 (Figure 3.8b). Remarkably, the gluing moiety of 21195, 

while still bearing a benzene ring capable of the key π-cation interaction with Arg928, has an otherwise 

hydrophilic character, with a hydroxy group pointing directly towards DDB1 and hydrogen-bonding with a 

DDB1 Asn907 (Figure 3.8b).  

To test more broadly whether hydrophilic moieties can recruit DDB1 we derivatised several degraders 

with hydroxy substituents or PEG groups, which led to effects ranging from a few-fold decrease to complete 

loss of activity across multiple R1 scaffolds (Figure 3.10a-e). We also synthesised additional hybrid compounds 

by transplanting the hydrophilic gluing moiety of 21195 onto the CR8 (DS61) or SR-4835 (DS62) scaffold 

(Figure 3.10f-h) and saw that while DS62 was incompatible with the DDB1-CDK12 interface, DS61 displayed 

molecular glue activity (EC50 = 169 ± 7 nM) (Figure 3.10h). The ternary crystal structure with DS61 revealed 

that the hydrophilic gluing moiety again engages in hydrogen bonding with Asn907 in addition to interactions 

with Arg928, albeit with a less optimal geometry (Figure 3.10g).  

These results demonstrate that kinase-engaging scaffolds with distinct exit vectors can act as efficient 

molecular glues, and that hydrophilicity of the gluing moiety does not preclude robust DDB1-CDK12 

interactions. The large DDB1-CDK12 protein-protein interface as well as compensatory interactions engaging 

hydrophilic moieties of the compound are sufficient to drive high-affinity association despite large expected 

desolvation penalties. 
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Figure 3.10. Hydrophilicity of the gluing moiety does not preclude complex formation. (a-e) Examples of the impact 
of increasing the hydrophilicity of the gluing moiety on multiple scaffolds including the relevant chemical structures and 
the associated in vitro TR-FRET compound titration results. a, DS06 and DS13. b, DS11 and DS68. c, DS08 and DS14. 
d, DS09 and DS40. e, DS55 and DS54. f, Chemical structures of 21195 and compounds resulting from hybridization of 
CR8 and SR-4835 with this inhibitor. g, Crystal structure of the ternary complex formed with DS61 (left) and the overlay 
of complexes induced by DS61, 21195, and CR8 (right). Interactions are represented by dashed lines. Hinge hydrogen 
bonds are shown in pink, other hydrogen bonds in yellow, aromatic H-bonds in grey, and π-cation interactions in green. h, 
In vitro TR-FRET complex formation assay for compounds shown in (f), DMSO, and CR8. (a-e, h) Data represent the 
mean ± s.d. (n ≥ 2). 
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3.3.7 Specific fingerprint defines small, fragment-like cyclin K degraders 

Having observed that CDK12 binders beyond CR8 derivatives display molecular glue activity through 

facilitation of an analogous CDK12-DDB1 complex, we investigated more structurally dissimilar CDK12 

inhibitors for such gain-of-function activity. We focussed on compound 919278 (Figure 3.8c), for which a 

discrepancy between its weak CDK12 binding affinity (5.6 µM) and pronounced downstream transcriptional 

effects202 prompted us to explore whether 919278 could function as a cyclin K degrader. Strikingly, despite its 

low molecular weight and lack of chemical similarity to CR8, SR-4835, or 21195, we found that compound 

919278 recruits DDB1 to CDK12-cyclin K in vitro in an analogous manner (Figure 3.8c, d). Structural 

characterisation demonstrated that notwithstanding its smaller size, the compound satisfies the key hinge 

contacts, shows a CAr-H···O interaction with Glu814 akin to that of CR8, and interacts with CDK12 Tyr815 

through hydrogen bonding (Figure 3.8c). Crucially, its isoindolinone gluing moiety protrudes out into the 

interface engaging DDB1 Arg928 via π-cation interactions as seen for previous scaffolds (Figure 3.8c). Hence, 

the diversity observed among DDB1-CDK12 glues extends beyond typical purine-based kinase inhibitor 

scaffolds.  

Interestingly, multiple similar, small cyclin K degraders have recently been published285,290,291. 

Structural analysis of several more (dCeMM3, Z7, Z11, Z12, HQ461; Figure 3.11) revealed that all these 

compounds promote the formation of a highly similar ternary complex, sustain the hinge hydrogen bonds and 

the π-cation interaction with DDB1 Arg928 (suboptimal for Z11 and dCeMM3; for HQ461 and Z11 we observe 

hydrogen bonding with the side chain instead), while also displaying interactions with additional residues 

(Figure 3.11a). Those include CDK12 Tyr815 (hydrogen bonds for Z7 and Z11), Glu814 (CAr-H···O interaction 

for Z7, Z11, dCeMM3), Phe813 (halogen bonds for Z7 and dCeMM3), and Ile733 (hydrogen bond for HQ461) 

(Figure 3.11a).  

These data suggest that DDB1-CDK12 complex formation and cyclin K degradation can be achieved 

with small, almost fragment-like compounds. Furthermore, the diverse set of small-molecule bound DDB1-

CDK12 structures (Figure 3.11a-c) identifies a minimal fingerprint for a cyclin K degrader leveraging a hinge-

interacting acceptor-donor motif common to kinase inhibitors, and a gluing moiety bearing an aromatic system 

extending from the hydrogen bond donor (Figure 3.11d). The structurally related inhibitor SNS032 (Figure 

3.11e) serves as a negative example, for which a non-aromatic piperidine is expected to point towards DDB1 in 

the described CDK binding mode231, an observation consistent with SNS032 displaying no gain-of-function 

activity (Figure 3.11b). 
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Figure 3.11. Low molecular weight cyclin K glues. a, Chemical structure of Z7, Z11, Z12, dCeMM3, and HQ461 and 
ternary complex crystal structures of the DDB1-CDK12 interfaces induced by each compound. The HQ461 compound 
could in theory bind at the interface in two directions (see fingerprint in (d)) yet the density, while somewhat ambiguous, 
suggests the methylpyridine moiety pointing towards DDB1. b, In vitro TR-FRET complex formation assay for compounds 
shown in (a-e). Data represent the mean ± s.d. (n ≥ 2). c, Chemical structures of dCeMM2, dCeMM4 and NCT02, which 
are cyclin K degraders. d, The fingerprint of a cyclin K degrader. e, Chemical structure of SNS032, which is not a cyclin 
K degrader despite binding CDK12. f, Ternary complex crystal structure with dCeMM4 (top) and overlay of dCeMM4 and 
CR8 (bottom). g, DDB1-CDK12-cyclin K complex architecture, with a conformational change in a CDK12 activation loop 
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(thick ribbon) induced by dCeMM4. While a closed-loop kinase conformation is often associated with an inactive kinase 
state whereby the Asp-Phe-Gly (DFG) motif flips, here no DFG flip was observed. h, Diversity of cyclin K degraders 
illustrated through a plot of the compounds’ Tanimoto similarity to CR8 and their ternary complex formation affinity. The 
ten compounds most active in vitro are shown in purple and the low molecular weight cyclin K degraders described above 
are coloured green. i, As in (h) but showing the compounds’ molecular weight and their ternary complex formation affinity. 
(a, f) Interactions are represented by dashed lines. Hinge hydrogen bonds are shown in pink, other hydrogen bonds in 
yellow, aromatic H-bonds in grey, π-cation interactions in green, and halogen bonds in purple.    

 
Table 3.5. Data collection and refinement statistics for the structures presented in Figure 3.11. 

Ligand HQ461 Z7 Z11 Z12 dCeMM4 dCeMM3 

Data collection       

Space group P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 P 31 2 1 

Cell dimensions       

a, b, c (Å) 

249.653 

249.653 

216.85 

249.626 

249.626 

218.222 

249.329 

249.329 

218.681 

249.618 

249.618 

220.667 

247.861 

247.861 

220.715 

249.773 

249.773 

218.027 

a, b, g  (°) 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 90 90 120 

Resolution (Å) 

216.206-

3.527 

(3.737-

3.527) 

216.182-

3.198 

(3.386-

3.198) 

215.925-

3.246 (3.45-

3.246) 

216.176-

3.298 

(3.484-

3.298) 

214.654-

3.417 

(3.611-

3.417) 

153.558-

3.854 

(3.995-

3.854) 

Rsym or Rmerge 
0.216 

(4.155) 

0.147 

(3.571) 

0.177 

(4.066) 

0.223 

(4.301) 

0.158 

(4.128) 

0.766 

(7.594) 

Rpim 
0.048 

(0.927) 

0.033 

(0.789) 
0.04 (0.896) 0.05 (0.946) 

0.035 

(0.906) 
0.17 (1.627) 

I / sI 12.7 (0.9) 16.9 (1) 14.4 (1) 11.9 (0.9) 15.2 (0.9) 8 (0.8) 

CC1/2 
0.999 

(0.363) 

0.999 

(0.447) 

0.999 

(0.414) 

0.999 

(0.388) 
0.999 (0.39) 

0.994 

(0.328) 

Completeness 

(ellipsoidal, %) 
95.4 (61.9) 96.3 (66.7) 95.9 (63.9) 96.1 (65.1) 96.2 (67.1) 95.5 (55.2) 

Redundancy 21 (21) 21 (21.4) 21 (21.5) 21 (21.6) 21 (21.6) 21.1 (22.6) 
       

Refinement       

Resolution (Å) 

60.09  - 

3.531 

(3.657  - 

3.531) 

60.35  - 3.2 

(3.314  - 3.2) 

57.76  - 3.25 

(3.366  - 

3.25) 

54.67  - 3.3 

(3.418  - 3.3) 

60.04  - 

3.422 

(3.545  - 

3.422) 

76.78  - 

3.854 (3.992  

- 3.854) 

No. reflections 
79144 

(1316) 

106711 

(2142) 

97986 

(1754) 

100826 

(2123) 

89556 

(1943) 

69417 

(3317) 

Rwork / Rfree 
0.1957 / 

0.2350 

0.1962 / 

0.2251 

0.1935 / 

0.2191 

0.1806 / 

0.2206 

0.2196 / 

0.2417 

0.1838 / 

0.2287 

No. atoms 33896 34000 34032 34041 33893 33870 

Protein 33736 33736 33736 33736 33736 33736 

Ligand/ion 240 303 356 362 237 177 

Water 0 0 0 0 0 0 
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B-factors 162.31 136.93 146.49 145.22 156.62 147.97 

Protein 162.25 136.77 146.32 145 156.55 147.88 

Ligand/ion 175.64 157.47 166.43 169.36 171.04 169.7 

Water       

R.m.s. deviations       

Bond lengths (Å) 0.005 0.007 0.005 0.005 0.004 0.004 

Bond angles (°) 0.84 0.97 0.86 0.89 0.6 0.68 

 

3.3.8 Conformational change triggered by dCeMM4 shows PPI plasticity 

While all other compounds yielded highly similar overall ternary complexes (max RMSD 1.7 Å), the dCeMM4-

induced complex was distinctive (RMSD 3.1 Å). The compound is positioned at the interface in the expected 

manner, with π-cation interaction of the furan ring with DDB1 Arg928, hydrogen bonding of a carbonyl with 

CDK12 Tyr815 and CAr-H···O interaction with Glu814 (Figure 3.11f). However, further inspection of the 

compound interface revealed that Arg882 of CDK12 is brought into the vicinity of the pocket and stabilised in 

position by interactions with Asp819. Such a conformational change is not feasible with other compounds due 

to steric hindrance, e.g. with the aminobutanol moiety of CR8 (Figure 3.11f). Remarkably, this local change is 

accompanied by a rearrangement of the entire activation loop of the kinase, resulting in a so-called closed-loop 

conformation. In two of the three molecules in the asymmetric unit (chains B, E but not chain H) this loop (aa 

876-898), although flexible, is clearly flipped and at lower contour levels appears to be pointing towards DDB1 

(Figure 3.11g). While not strictly required for compound binding, the observed conformational change 

illustrates inherent plasticity not only in protein-ligand interactions but also within the extensive DDB1-CDK12 

interface itself.  

 

3.3.9 In vitro versus cellular activity 

A fundamental question in the molecular glue degrader field has been the relationship between ternary complex 

formation and cellular degradation. Based on several examples, a step function-like relationship was postulated, 

whereby a few-fold difference in in vitro affinity toggles target degradation in cells113,294. To investigate this 

relationship for our large set of cyclin K degraders we evaluated all compounds using a dual-colour cyclin K-

eGFP stability reporter in HEK293T cells as previously described294 (Figure 3.12a, Supplementary Table 

S3.1). Based on this assay, we were able to distinguish potent degraders (such as CR8 and 21195) from weaker 

(e.g. 919278) or non-degrading (e.g. dinaciclib) compounds (Figure 3.12b). The ten best-performing degraders 

were DS73, DS71, DS72, DS17, DS18, SR-4835, WX3, CR8, 21195, DS28, a list that overlaps remarkably 

well (8/10) with our in vitro data. We then examined the correlation of cyclin K reporter degradation (DC50) 

and in vitro ternary affinity (TR-FRET EC50) in more detail and across the entire compound set, only including 

compounds with unambiguous cellular degradation activity (n = 42) (Figure 3.12c). We observed a linear 

correlation between logDC50 and logEC50 (TR-FRET) (R squared = 0.6) (Figure 3.12c), whereas the non-log data 

could be described with a Hill-type equation (R squared = 0.7) (Figure 3.13a-c).  
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 The overall EC50 (TR-FRET) - DC50 correlation observed (Figure 3.12c, Figure 3.13a, b) suggests that the 

data from in vitro complex formation assays are largely predictive of the extent of in-cell degradation. The 

sigmoidal relationship further illustrates that small differences in in vitro affinity translate to larger discrepancies 

in cellular degradation, supporting the notion of an apparent affinity threshold33 and fine-tuning the description 

of this phenomenon. We acknowledge that while TR-FRET measurements allow us to establish an approximate 

rank order of in vitro compound activities, affinities tighter than 50 nM lie at or below the dynamic range of our 

assay, likely leading to EC50 overestimation for the best compounds. Performing the assay at lower protein 

concentrations for selected compounds revealed sub-nanomolar dissociation constants for the top derivatives 

(e.g. DS17), but presented experimental challenges with a much lower TR-FRET assay window (Figure 3.13c 

and Methods). While the observed relationship between in vitro complex formation and cellular degradation 

data indicates a clear correlation, effective quantification of sub-nanomolar affinities is expected to further 

improve this description (Figure 3.13b, c). 

 

 

3.3.10 Cyclin K degrader diversity 

Given the surprisingly tolerant SAR we observed for the tested cyclin K degraders, we aimed to better gauge 

the extent of chemical diversity among our molecular glue compound set. For this, we explored the distribution 

of various physicochemical properties and computed the Tanimoto coefficients describing the similarity to CR8 

for each compound (Figure 3.13d and Figure 3.11h, i). We found that cyclin K degraders that display in vitro 

activity span molecular weights from 317 to 722 Da and clogP values between 0.4 and 5.1 (Figure 3.13d). 

While the compounds are highly diverse, the vast majority of the evaluated small molecules is conventionally 

drug-like, as expected for kinase inhibitor-derived or small, almost fragment-like compounds. Notably, the 

compound’s Tanimoto similarity to CR8 and its in vitro activity show no clear correlation, with the ten best 

DDB1-CDK12 molecular glues (DS18, 21195, DS72, DS17, DS19, DS25, DS73, SR-4835, CR8, DS16) 

ranging from CR8-like (1.0) to distinct (0.33) (Figure 3.11h), further supporting that diverse chemistries 

facilitate the formation of this complex.  

We next set out to examine the differences in the mode of action among these diverse compounds. To 

probe the ubiquitin ligase-dependent cytotoxicity of the degraders, we measured the viability of HEK293T cells 

after 72 h of compound exposure with and without pre-treatment with 100 nM MLN4924, a neddylation 

inhibitor, for 2 h (Figure 3.12d, Supplementary Table S3.1, Supplementary Figure 4). The rescue of 

cytotoxicity by MLN4924 indicates that changes in cell viability are due to neddylation-dependent degradation 

of cyclin K, as would be expected from the DDB1-mediated gluing effect, whereas cytotoxicity due to e.g. CDK 

inhibition would not be altered by MLN4924. While for some compounds cyclin K degradation appears to be 

the dominant contribution to cytotoxicity (e.g. 919278), others (such as 21195) work partly by different 

mechanisms likely involving conventional kinase inhibition (Figure 3.12d) (see below).  
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We further utilised the results of multiple assays – logDC50, logEC50 TR-FRET, logEC50 cell viability, 

and a descriptor of the rescue of degrader toxicity upon MLN4924 co-treatment (% MLN rescue) – as inputs 

for principal component analysis (PCA). Distinct clusters of cyclin K molecular glue degraders emerged, with 

the best degraders placed into multiple subgroups (Figure 3.13e). The cyclin K degrader set therefore not only 

features compounds with considerable diversity in size and physicochemical properties (Figure 3.11h, Figure 

3.13d) but also a diverse range of cellular properties.  

To better define how different compounds give rise to diverse cellular responses, we next assessed the 

extent of cellular CDK12, CDK13 and cyclin K degradation these small molecules cause by mass spectrometry. 

We performed quantitative label-free proteomics on MDA-MB-231 cells treated with several representative 

compounds to assess the depth and specificity of cyclin K degradation (Figure 3.12e, f and Figure 3.14). These 

experiments identified three of the six compounds tested (DS17, 21195 and SR-4835) to be more effective at 

depleting cyclin K than CR8 at the tested concentration (Figure 3.12e, f). We further observed that all 

compounds selectively degrade cyclin K and that the extent of depletion correlates well with the cyclin K 

stability reporter and TR-FRET complex formation data (Figure 3.14b; R squared = 0.84). Interestingly, while 

CDK12 showed only a mild decrease of abundance with all compounds, CDK13 depletion was more 

pronounced and appeared to scale with that of cyclin K (Figure 3.12e).  
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Figure 3.12. Diverse cyclin K molecular glue degraders give rise to unique cellular responses. a, Schematic of the 
cyclin K dual-colour reporter assay. b, HEK293T cycKeGFP reporter assay results for four example compounds. Data 
represent the mean ± s.d. (n ≥ 2). c, Correlation of in vitro complex formation affinity (logEC50 TR-FRET) and cycKeGFP 
reporter results (logDC50) modelled with a linear regression (R squared = 0.60). The in vitro TR-FRET EC50 values for the 
best compounds (bold) are overestimated, which negatively impacts the correlation. The equivalent plot in linear scale is 
shown in EDF6a. d, Viability assay in HEK293T cells for four example compounds, with curves corresponding to treatment 
with the individual drug or additional pre-treatment with 100 nM of the neddylation inhibitor MLN4924. Data represent 
the mean ± s.d. (n ≥ 2). e, Representation of the average peptide counts of cyclin K (dark grey), CDK12 (yellow), and 
CDK13 (blue) across all runs. Data represent the mean ± s.d. (n=4 for DMSO and n=2 for each compound treatment). The 



 114 

corresponding volcano plots can be found in Figure 3.14a. f, MDA-MB-231 cells were exposed to 1 µM CR8, 919278, 
21195, or DMSO for 5 hours followed by whole proteome quantification using label-free mass spectrometry (mean log2 
fold change, p value calculated by a moderated t-test, n=4 (DMSO), n=2 (CR8, 919278, 21195). 
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Figure 3.13. Further characterisation of molecular glue degrader compounds. a, Correlation of in vitro TR-FRET 
assay data (TR-FRET EC50 [nM]) with cellular cyclin KeGFP reporter assay results (DC50 [nM]). Only compounds with 
unambiguous activity <10 uM in the reporter assay were included (n = 42). The relationship can be described with a Hill 
equation, yielding an R squared of 0.70. The Hill equation is used solely to describe the mathematical relationship between 
the two experimental datasets and not for its biological meaning. b, Correlation of in vitro complex formation affinity 
(logEC50 TR-FRET) and cycKeGFP reporter results (logDC50) modelled with a linear regression (R squared = 0.60). The in 
vitro TR-FRET values for the best compounds (bold) are overestimated and the green cloud indicates how the data points 
would be predicted to shift upon accurate affinity quantification, further improving the observed correlation (c.f. panel c). 
c, In vitro TR-FRET complex formation assay performed as a compound titration with 50 nM CDK12-cyclin K (left) or 
10 nM CDK12-cyclin K (right) performed for several chosen compounds. Data represent the mean ± s.d. (n ≥ 2). Data 
were fitted with a quadratic equation appropriate for a case where the expected Kd value is lower than the protein 
concentration used308. The spurious fit for DS17 reflects its tight affinity being outside of the dynamic range of the assay. 
Kd* correspond to the value determined with 10 nM CDK12-cyclin K. Lowering the protein concentration resulted in a 
much smaller assay window but yielded Kd values in the sub-nanomolar range for the top compounds (DS17, DS73), while 
showing no difference for the weak recruiter roscovitine, indicating that the tightest glues lie below the limit of detection 
of the TR-FRET assay (see Methods). d, Histograms displaying the molecular weight, clogP, polar surface area, and the 
number or rotatable bonds distributions across the cyclin K degrader compound set. e, PCA of the combined multi-assay 
data for cyclin K degraders.  
 
 

 
Figure 3.14. Proteomics reveals large differences in the extent of cyclin K depletion among the degrader set. a, Label-
free proteomics for DS17, 21195, SR-4835, CR8, DS30, 919278, and HQ461 (n=2) versus DMSO (n=4). MDA-MB-231 
cells were treated with 1 µM drug for 5 h. b, Correlation of the average cyclin K peptide count with the TR-FRET EC50 
(left) or with the cyclin KeGFP reporter DC50 (right). 
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3.3.11 Kinase inhibitory selectivity can be decoupled from glue activity  

Next, we examined the kinase inhibitory selectivity of these degraders. While CR8 has a dual CDK 

inhibitor/cyclin K degrader mode of action, the diverse scaffolds presented herein, including CDK12-selective 

drugs (SR-4835 and derivatives) or fragment-like compounds (919278, Z7, Z11, Z12, dCeMM2-4, HQ461) 

principally offer a path to tune inhibitory selectivity or even decouple kinase inhibition from molecular glue 

action (Figure 3.15). We therefore measured CDK inhibitory activity of the compounds using Lanthascreen, an 

assay which monitors the displacement of a fluorescent tracer from the active site of an epitope-tagged kinase 

(Figure 3.15a). We performed the assay with CDK12, as well as with CDK9 and CDK2, which are 

representative transcriptional and cell-cycle CDKs that are similar in sequence to the kinase domain of CDK12 

(Figure 3.15b, Supplementary Figure S3.3). 

As SR-4835 is CDK12/13-selective while CR8 inhibits CDK1/2/5/7/9/12/13, we used the Lanthascreen 

assay to evaluate the CR8/SR-4835 hybrid compounds (DS17-22) and therefore investigate how the CDK 

family selectivity is tuned by compound modifications (Figure 3.8, Figure 3.15c). While SR-4835, DS17, and 

DS18 were CDK12-selective, CR8 and DS19 were not, which links potent pleiotropic CDK inhibition to the 

co-existence of the phenylpyridine and the isopropyl substituents on the purine scaffold (Figure 3.15c). This 

suggests that the modification of the gluing moiety from phenylpyridine to dichlorobenzimidazole (CR8 vs 

DS17 or DS19 vs DS18) is sufficient both to increase the gluing potency and to reduce off-target CDK inhibitory 

effects of CR8 (Figure 3.15c).   

Probing of how small cyclin K degraders promote the formation of the DDB1-CDK12-cyclin K 

complex revealed a less optimal engagement of the ATP pocket by these compounds than by purine-based 

drugs. We therefore asked whether these compounds show CDK inhibitory activity and observed that while 

CR8 displayed IC50 values of 40-200 nM against these CDKs, the small cyclin K degraders showed much 

weaker binding (Figure 3.15f). None of the compounds appreciably bound CDK2 and while compound 919278 

showed some inhibition of CDK9/12 (IC50 CDK9 = 120 nM, IC50 CDK12 = 1335 nM), dCeMM2-4 and Z11-12 

displayed only micromolar IC50s and HQ461 demonstrated no inhibition up to 10 µM (Figure 3.15f, 

Supplementary Figure S3.3). These results show that cyclin K degraders do not necessarily require traditional 

kinase inhibitory properties for molecular glue activity. Kinase inhibitory selectivity can thus be decoupled and 

tuned separately from ternary complex affinity optimisation. Notably, the diversity of cyclin K degraders stems 

not only from the many distinct ways by which the CDK12-DDB1 interface can be effectively bridged by gluing 

moieties, but also from the plethora of ways the feature-rich ATP pocket of CDK12 can be engaged by small 

molecules. This in turn gives rise to compounds with a varying relative extent of inhibitory and gain-of-function 

degradative properties. 
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Figure 3.15. Cyclin K degraders do not require traditional kinase inhibitory properties for activity. a, Schematic of 
the commercial in vitro Lanthascreen assay. b, Multiple sequence alignment of CDK12, CDK9, and CDK2 omitting the 
C-terminal extension of CDK12. c, Selectivity profiling of CR8/SR-4835 hybrid compounds across CDK2/9/12 using 
Lanthascreen. Representative TR-FRET curves (top) and a table listing the average IC50 values and total number (n) of 
measurements (bottom). d, Selectivity profiling results for compounds derived from a recent patent and related derivatives. 
e, Selectivity profiling of compound 21195. f, Representative TR-FRET curves (left) and a table listing the average IC50 
values and total number (n) of measurements (right) for low molecular weight cyclin K degraders. g, Representative TR-
FRET curves (left) and a table listing the average IC50 values and total number (n) of measurements (right) for CR8 and 
DS70, a hybrid of CR8 and dinaciclib bearing the hydroxyethyl piperidine functionality present in this potent CDK 
inhibitor. DS70 shows more pronounced CDK engagement than CR8. (c-g) Data represent the mean ± s.d. (n ≥ 2). 
Additional replicates and further data can be found in Supplementary Figure S3.3.          
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3.3.12 Cyclin K degraders and CDK12 inhibitors show distinct transcriptional signatures 

Finally, we asked whether a cyclin K degrader effects a different transcriptional response than a CDK12 

degrader or a CDK12 inhibitor. For this, we performed RNAseq in MDA-MB-231 cells, with triple negative 

breast cancer being a highly relevant therapeutic context for CDK12/13-cyclin K inactivation242,249 (Figure 

3.16). We observed that while a CDK12 inhibitor (dinaciclib) and CDK12 degrader (PROTAC BSJ-4-116 that 

does not degrade cyclin K243; Figure 3.16a) clustered together following PCA, both the potent (CR8) and the 

weak degrader (HQ461) clearly clustered separately (Figure 3.16b, c). The degradation of cyclin K therefore 

results in different transcriptional signatures than degradation or inhibition of CDK12. Supporting this notion, 

mRNA sequencing of cells treated with a larger set of compounds followed by PCA revealed specific clusters 

relating to their mechanism of action. The relative extent of cyclin K degradation (and the associated CDK12/13 

depletion) versus sole CDK inhibition further differentiates the observed PCA clusters (Figure 3.16d). 

Moreover, the analysis of related compounds (e.g. CR8 versus DS17-19 and SR-4835) illustrates how subtle 

modifications impacting both inhibitory selectivity and degrader potency can further tune these signatures 

(Figure 3.16d). We further observed that co-treatment of cells with MLN4924 rescued the cyclin K degradation-

related perturbation, resulting in a shift to a DMSO-like transcriptional state for compounds with limited CDK12 

inhibition (919278) or elsewhere for potent CDK12/13 inhibitors (SR-4835) (Figure 3.16d, e). Therefore, 

cyclin K degrader compounds range from multi-CDK inhibitors/cyclin K degraders (e.g. CR8), to CDK12/13-

selective inhibitors and cyclin K degraders (e.g. SR-4835, DS17), and degraders with little-to-no CDK inhibition 

(e.g. HQ461), all of which differ in their cellular activity, thus offering distinct therapeutic opportunities. 
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Figure 3.16. RNA sequencing reveals distinct transcriptional signatures for CDK12 inhibition, CDK12 degradation, 
and cyclin K degradation. a, Cyclin K reporter degradation assay (top) and in vitro TR-FRET complex formation assay 
(bottom) showing no cyclin K molecular glue degrader activity for the CDK12 PROTAC BSJ-4-116. Data represent the 
mean ± s.d. (n ≥ 2). b, Volcano plots depicting the RNAseq results for CR8 (cyclin K degrader), BSJ-4-116 (CDK12 
degrader), and dinaciclib (CDK inhibitor). c, PCA of the RNAseq data for CR8, BSJ-4-116, dinaciclib, HQ461, and DMSO 
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(n=3). d, PCA analysis of the RNAseq data for a larger selection of compounds (n=3). For 919278 and SR-4835, two 
conditions were assessed: compound alone (circle) or compound + MLN4924 (triangle). Co-treatment with the neddylation 
inhibitor resulted in large shifts of the resulting points (dashed arrows). e, Volcano plots depicting the RNAseq results for 
919278 and SR-4835, either alone or in combination with MLN4924.  
 

3.4 Discussion 
In this study, we extensively surveyed the structure-activity relationship of cyclin K molecular glue degraders 

and, in the process, identified multiple novel scaffolds that function as cyclin K degraders, including published 

kinase inhibitors. A total of 94 compounds were evaluated, 64 of these were found to trigger CDK12-DDB1 

complex formation with an affinity of <1 µM, among which 40 had <100 nM activity. Crystallographic 

dissection of 29 compound-induced ternary complexes demonstrated that despite considerable chemical 

diversity of the compounds (Figure 3.11h, i and Figure 3.13d), the overall DDB1-CDK12/13 complex 

architecture is preserved.  

All the identified glues contact DDB1 Arg928, a residue we previously showed to be essential for 

complex formation294. Arginine residues are principally able to engage in polyvalent, low-selectivity ligand 

interactions and arene-arginine contacts have been shown to involve a mix of electrostatic and dispersion 

attractions309–312. Accordingly, we find that gluing moieties contact DDB1 preferentially through π-cation 

interactions (e.g. DS08, Figure 3.1f), which can support drug interactions also over large distances (~6 Å) and 

variable geometries312. The compounds can additionally contact Arg928 via hydrogen-bonding (e.g. Z11 and 

HQ461, Figure 3.11a) and hydrophobic interactions (e.g. DS06, Figure 3.1d). The low-affinity DDB1-CDK12 

interaction primes the complex, while the ligand, through filling the kinase pocket and bridging over to DDB1, 

drives robust association. This, together with the fact that many distinct scaffolds can bind the kinase pocket 

and multiple different features of gluing moieties effectively foster DDB1 interactions, offers a rationale for the 

unusually broad chemical diversity observed.  

We put forward several conceptual derivatisation strategies as well as a large set of degrader compounds 

with diverse chemical properties, many of which can serve as advantageous starting scaffolds for medicinal 

chemistry optimisation of clinically relevant cyclin K degraders. We also report small molecules that are more 

potent cyclin K degraders and show better kinase inhibitory selectivity profiles than CR8 (e.g. DS17). As cyclin 

K degraders phenotypically differ from CDK12 degraders or inhibitors (Figure 3.16), the compounds discussed 

herein offer unique therapeutic opportunities, further enabling the therapeutic pursuit of CDK12/13-cyclin K as 

emerging targets in oncology190,242. Our results demonstrate that the inhibitory versus degradative properties of 

the molecular glue degrader can be directly tuned, and that degradation can be gradually decoupled from 

inhibition. This is most evident for smaller compounds such as HQ461, which can provide an important starting 

point for the development of a de facto interface stabiliser that predominantly triggers cyclin K degradation not 

kinase inhibition (Figure 3.11). Thus, the data presented herein reveal design principles for small molecules 

that robustly inactivate CDK12/13-cyclin K and have properties that can differ from traditional kinase inhibitor 

scaffolds. More broadly, our results show that low-affinity interactions can be effectively strengthened by 

diverse chemical matter. The more extensive and complementary the interface and the larger the interfacial 



 121 

cavity, the more solutions will exist to achieve gain-of-function glue activity with small molecules. Hence, low-

affinity interfaces that encompass a defined ligand-binding pocket offer ideal starting points for molecular glue 

development.   

We predict that many more compounds and scaffolds can function as cyclin K degraders if they (i) bind 

the CDK12/13 active site, even if very weakly, (ii) are shape- and size-compatible with the CDK12/13-DDB1 

interface and its circa 370 Å3 cavity313, and (iii) engage DDB1 residue Arg928 with various interaction 

geometries. We did not observe the targeting of other kinases in our studies beyond CDK12/13-cyclin K (Figure 

3.12f, Figure 3.14a) and, notably, CDK13 degradation was more pronounced than that of CDK12 and appeared 

to scale with the loss of cyclin K (Figure 3.12e). The specificity for the CDK12/13-DDB1 pairing therefore 

appears to be primed predominantly by the protein-protein interface (~2100 Å2), featuring a CDK12/13-unique 

C-terminal tail294, and this complementarity is underscored by their ~50 µM binding affinity in the absence of 

compound294. Nonetheless, additional compound-mediated interactions are required - not for specificity, but for 

sufficient stabilisation of the ternary complex for cyclin K ubiquitination and degradation.  

Our data further illustrate that small differences in ternary complex affinity translate to larger disparities 

in cellular degradation, which builds on an earlier concept of an affinity threshold (Figure 3.12c, Figure 3.13a-

c)113,294. The correlation between cellular degradation and in vitro complex formation observed among a large 

compound set suggests that biochemical ternary affinity is predictive of in-cell degradation. Our data also 

demonstrate that cellular degrader screening for cell viability +/- MLN4924 (Figure 3.12d) is feasible and 

informative for degraders and is akin to compound screening in wild-type versus hyponeddylated cellular 

models285,294. 

Taken together, these results offer generalisable learnings for other classes of molecular glues. We 

propose that the absolute size of the protein-protein interface, as well as the relative contribution of the small 

molecule to the interface determines both the SAR and the substrate specificity behaviour. For IMiDs and 

CRBN, the compound contributes circa 40 % of the relatively small interface area and therefore drives both 

specificity and affinity with tightly defined SAR293,297,298. In contrast, for DDB1-CDK12-cyclin K, where the 

extensive protein-protein interface with a ca. 20 % compound contribution allows for much greater variability 

in protein-ligand interactions, yielding a tolerant SAR but limiting the compound’s contribution to neosubstrate 

specificity293.  

 

 

.    
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Chapter 4 : Fluorescence-based binding studies  
This chapter contains both unpublished (section 4.1) and predominantly published (section 4.2) data.  

Section 4.1 offers a general introduction to TR-FRET and details TR-FRET assay optimisation for the 

DDB1-CDK12-cyclin K system (see Chapter 2 for the initial version of the assay and Chapter 3 for the final 

assay setup). I planned and performed experiments presented in this section, some of which were undertaken 

together with Vivian Focht, a Master student that I supervised at the time. I would also like to acknowledge the 

help of Sandra Romero-Lopez and Ulrich Hassiepen (Novartis) who provided helpful advice during the assay 

optimisation process.   

Section 4.2 focuses on fluorescence polarisation experiments to study protein-DNA and protein-

nucleosome interaction and is based on two published manuscripts. Section 4.2.1 introduces the technique and 

in section 4.2.2, I present a short summary of a published manuscript describing the interplay between OCT4-

SOX2 and the nucleosome, work which was spearheaded by Alicia Michael (Thomä lab, FMI), Ralph Grand 

and Luke Isbel (Schübeler lab, FMI). My contributions to this study include the optimisation and performance 

of fluorescence polarisation assays to monitor TF-DNA and TF-nucleosome interactions, as well as protein and 

DNA purification and nucleosome reconstitutions. The fluorescence polarisation assays I performed are 

described in more detail in section 4.2.2.4 (comprising both published and unpublished data). 

 

Mechanisms of OCT4-SOX2 motif readout on nucleosomes  
A. Michael*, R. Grant*, L. Isbel*, S. Cavadini, Z. Kozicka, R. Bunker, A. Schenk, A. Graff-Meyer, G. Pathare, 
J. Weiss, S. Matsumoto, L. Burger, D. Schübeler†, N. Thomä†  
Science (2020); https://doi.org/10.1126/science.abb0074 
 

Section 4.2.3 features a summary of another published article focusing on cGAS-nucleosome 

interactions, an effort led Ganesh Pathare (Thomä lab, FMI) and Alexeine Decout (Ablasser lab, EPFL). I 

contributed to this work by establishing a fluorescence polarisation assay for cGAS-DNA and cGAS-

nucleosome interactions as well as performing the experiments together with Joscha Weiss, a Master student at 

the time (Thomä lab, FMI). These efforts (comprising both published and unpublished data) are described in 

more detail in sections 4.2.3.3 and 4.2.3.4.  

 

Structural mechanism of cGAS inhibition by the nucleosome 
G. Pathare, A. Decout, S. Glück, S. Cavadini, K. Makasheva, R. Hovius, G. Kempf, J. Weiss, Z. Kozicka, B. 
Guey, P. Melenec, B. Fierz, N. Thomä†, A. Ablasser†   
Nature (2020), https://doi.org/10.1038/s41586-020-2750-6 
 

The published manuscripts in PDF format can be found in the Appendix of this thesis. 
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4.1 In vitro TR-FRET optimisation for molecular glue degrader screening and evaluation 

4.1.1 The principles of TR-FRET 
Fluorescence is the process of emission of light by a molecule that has absorbed initial excitatory radiation, and 

this phenomenon can be leveraged in quantitative assays that enable the study of protein-protein and protein-

ligand interactions. Fluorescence-based in vitro experiments are of paramount importance in biology and due 

to their sensitivity, reproducibility, and scalability, they are particularly widely used in drug discovery. Two 

commonly used techniques are time-resolved Förster resonance energy transfer (TR-FRET) and fluorescence 

polarisation (FP). This subsection provides a general overview of TR-FRET, while the following ones detail the 

assay optimisation process for the evaluation of cyclin K molecular glue degraders.  

FRET describes a nonradiative energy transfer mechanism that can occur between two matched 

fluorophores, termed donor and acceptor (Figure 4.1a)315. When excited by light at its fluorescence excitation 

wavelength, a fluorescent donor can transfer this energy by a long-range dipole-dipole coupling mechanism to 

an acceptor fluorophore, and thereby return to its ground electronic state. The efficiency of such an energy 

transfer is inversely proportional to the sixth power of the distance (Equation 4.1), making FRET a highly 

sensitive metric of whether two fluorophores are in proximity 315. The fluorophore pair must be selected such 

that there is sufficient overlap between the donor emission and acceptor excitation spectra, and spectra for an 

example pair (terbium (Tb) donor and Alexa488 acceptor) are displayed in Figure 4.1b. 

In biological assays, this can be leveraged via fluorescent labelling of two molecules (be it proteins, 

nucleic acids, or ligands) with a suitable donor and acceptor. The interactions of the molecules can then be 

monitored through the simultaneous measurement of both donor and acceptor fluorescence intensity following 

donor excitation. A low ratio of acceptor/donor fluorescence signifies little-to-no energy transfer, while a high 

acceptor/donor fluorescence ratio is indicative of robust FRET and therefore complex formation.  

 

 
Figure 4.1. a, Proximity-based energy transfer in TR-FRET. Image created with BioRender.com b, Emission and 
excitation spectra of terbium chelate donor and its matched acceptor fluorophore Alexa488. The arrows indicate the 
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wavelength of laser excitation (337 nm) and of emission measurements (490 and 520 nm). Spectral data were obtained 
from Thermo Fischer.   
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Equation 4.1. The energy transfer rate (kET), as described by Theodor Förster315, is inversely proportional to the donor 
lifetime (𝜏𝐷0 ) and the sixth power of donor-acceptor distance (R). It is also proportional to the sixth power of the Förster 
radius (R0), which is the distance between two fluorophores at which the FRET efficiency is 50% (usually in the range of 
20-90 Å). The Förster radius is a specific property of each FRET pair and contains information on the dipole orientation 
and the spectral overlap between the donor and acceptor.   

 

Time-resolved FRET (TR-FRET) combines time-resolved fluorimetry with FRET to afford an 

optimised proximity assay. It utilises long-lived lanthanide fluorophores as donors and employs temporal gating 

of fluorescence intensity measurements to allow for more sensitive detection of association and dissociation 

events (Figure 4.2). Chelates or cryptates of lanthanides such as terbium (Tb) or europium (Eu) are used as they 

have millisecond-long excited state lifetimes316. Hence, the fluorescent intensity measurement can be delayed 

by ca. 70-200 µs to allow for the background fluorescence to decay and interference from scattered light to be 

minimised, leading to improved sensitivity. Additionally, lanthanides have narrow emission peaks and large 

Stokes shifts, which further limits the crosstalk between excitation and emission wavelengths and thereby 

improves the signal-to-noise ratio316.  

In practical terms, the assay is performed by titrating the acceptor-labelled component into the donor-

conjugated biomolecule in a microplate, followed by donor excitation and simultaneous donor and acceptor 

emission measurements using a plate reader equipped with suitable filters. TR-FRET compares favourably to 

other methods of protein-protein or protein-ligand interaction measurements. Firstly, the measurement is 

ratiometric in nature as both donor and acceptor signal are recorded throughout. This reduces assay variability 

and stands in contrast to methods such as Alphascreen, whereby only acceptor signal is recorded317. 

Additionally, unlike biolayer interferometry (BLI) or surface plasmon resonance (SPR), the method does not 

require the immobilisation of any components on chips or beads, leading to more entropic freedom. However, 

the limitations of TR-FRET include assay interference caused by compounds with fluorescent or quenching 

properties318 as well as that caused by the fluorescent labels themselves, often conjugated via a relatively bulky 

protein tag (e.g. Streptavidin or SpyCatcher) that could affect the studied interaction. The latter can be curtailed 

through incorporation of flexible linkers or repositioning of the tags in the hope of minimising any steric 

hindrance. Moreover, such interference can be circumvented by employing label-free methods such as ITC, yet 

such methods utilise several orders of magnitude more protein sample than TR-FRET per titration.   
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Figure 4.2. Time-gated measurement of fluorescence intensity in TR-FRET. The image is partly based on 319.  

 

4.1.2 Original assay setup 
Due to its many advantages, TR-FRET has become a mainstay tool for in vitro evaluation of ternary complex 

formation in targeted protein degradation320–322. In the published studies on cyclin K degraders (Chapter 2), we 

utilised a TR-FRET assay to monitor the interaction between CDK12-cyclin K and DDB1 in the presence of 

compounds. Our later work on CR8 derivatives (Chapter 3), however, necessitated a highly optimised assay to 

be developed for the robust evaluation of closely related molecular glue degraders. The following subchapter 

describes the assay optimization process. While the details pertain specifically to the DDB1-CR8-CDK12-

cyclin K complex, many learnings are expected to be more broadly applicable to TR-FRET assay optimization 

for diverse interactors.         

In this project, the TR-FRET assay is employed to quantify the binding constant (ternary complex 

formation affinity) for the compound-mediated interaction between DDB1 and CDK12-cyclin K. However, one 

important caveat in this system is the measurable affinity between DDB1 and CDK12-cyclin K in the absence 

of a molecular glue compound (50 µM as measured by ITC)294, a property that has been recently proposed to 

be a defining feature of all molecular glue degraders and thereby more widely applicable323. A second caveat, 

also common to most molecular glue degraders, is the fact that the glue compound displays affinity for one 

protein partner (in this case low affinity for CDK12; 5 µM as measured by ITC)294 and not the other (DDB1), 

and hence the formation of a DDB1-CR8-CDK12-cyclin K complex follows a defined order of binding. Both 

properties of the studied system have implications for the observed background signal, chosen titration mode, 

component ratios, and their order of addition.  

Our original assay setup285,294 produced data sufficient for establishing a compound-mediated 

interaction, evaluating the impact of protein mutations on affinity, as well as ranking different complex-inducing 

compounds. Yet, the binding constant reported in our original study (EC50 ≃ 600 nM) (Figure 2.8) was 

inconsistent with the dissociation constant determined through ITC (Kapp ≃ 50 nM), a label-free affinity 
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measurement whereby DDB1 (100 µM) was titrated into a pre-formed complex of CR8 (30 µM) and CDK12-

cyclin K (10 µM) (Figure 2.10) 294. The original assay employed a common TR-FRET pair, the donor Tb and 

acceptor Alexa488, conjugated to the proteins of interest via biotin (Streptavidin-Tb) or using the 

SpyTag/SpyCatcher system (Alexa488) (fluorophore attachment is schematically depicted in Figure 4.1a). We 

initially sought to test multiple tag orientations, positioning the donor on the N-terminus of DDB1 and the 

acceptor on the N-terminus of cyclin K, and vice versa. However, we found that due to limited solubility, the 

CDK12-cyclin K complex was not amenable to enzymatic biotinylation required for the coupling of 

Streptavidin-Tb to the protein. Soluble CDK12-cyclin K complex could however be purified with a Spy tag and 

successfully coupled to an Alexa488-labelled SpyCatcher protein. DDB1 was therefore biotinylated on its N-

terminus for conjugation of Streptavidin-Tb. Hence, the initial choice of tag positions (TbDDB1 and CDK12-

Alexa488cyclinK, illustrated in Figure 4.3a) was dictated predominantly by protein stability.  

In a TR-FRET assay, the acceptor-bearing component is titrated into the donor-labelled molecule. 

Given the available constructs (donorDDB1 and CDK12-acceptorcyclinK), CDK12- Alexa488cyclin K (0-2.5 µM) had 

to be titrated into biotinDDB1 (50 nM) pre-mixed with a compound (10 µM; we utilised CR8 throughout the 

optimisation process), which produced TR-FRET signal, albeit one riddled with several issues (Figure 4.3). 

Most notably, as CR8 does not bind to DDB1 (Kapp > 200 µM by ITC)294 and binds to CDK12 (Kapp ≃ 5 µM 

by ITC)294, the relatively low affinity binary ligand-CDK12 binding event obstructs the observation of high-

affinity ternary complex formation, leading to an overestimation of the ternary complex affinity (EC50s ranging 

from 500 to 750 nM). At the highest CDK12 concentration of 2.5 µM, the excess of CR8 is only four-fold, 

meaning that saturation conditions (all CDK12 is CR8-bound) are not met. Significantly higher compound 

concentrations could not be achieved due to its limited solubility in the assay buffer and poor assay tolerance of 

high DMSO concentrations. Additionally, when CDK12-Alexa488cyclin K titrations into biotinDDB1 were 

performed with the DMSO vehicle control, compound-independent complex formation was observed at high 

CDK12-cyclin K concentrations. The measured signal was significantly higher than spurious signal arising from 

fluorophore effects (the “no DDB1” curve in Figure 4.3b corresponds to a titration of CDK12-Alexa488cyclin K 

titration into Streptavidin-Tb alone) and could be markedly lowered by blocking the kinase active site with a 

covalent CDK12 inhibitor (Figure 2.15a). While weak compound-independent CDK12-DDB1 interaction was 

also apparent in ITC experiments (Kapp ≃ 50 µM)294, this basal binding led to difficulties in accurate fitting of 

the TR-FRET data due to biphasic behaviour. Restricting the accessible concentration range in order to dial out 

compound-independent effects yielded binding curves that do not reach saturation (Figure 4.3c). 
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Figure 4.3. Initial TR-FRET labelling setup. a, Tag positions annotated on the ternary complex crystal structure (left). 
Schematic of a CDK12-cyclin K titration into DDB1 premixed with CR8 (termed the forward titration in subsequent 
sections) (right). b, Titration curve showing clear CR8-mediated binding but also compound-independent binding at high 
concentrations.  c, Same titration as in (b) but with the concentration range restricted to curb compound-independent 
effects. However, the binding curve clearly does not reach saturation.     

 

4.1.3 Tag position 
To circumvent these limitations, we again explored additional tag positions. For this, the Avi tag for enzymatic 

biotinylation (to attach the Streptavidin-coupled Tb donor) was placed on either terminus of cyclin K, while the 

Spy tag (for Spycatcher-Alexa488 coupling) was placed on the N-terminus of DDB1. While earlier attempts 

following this strategy were unsuccessful due to CDK12 precipitation upon overnight biotinylation, successful 

preparation of soluble biotinylated CDK12-cyclin K was achieved through optimization of the purification and 

labelling protocol (see Methods). Beyond resolving any potential steric hindrance and the hope to increase the 

dynamic range of the assay, this setup was thought to allow the resolution of the key limitation, which was the 

obscuration of the ternary binding event by the low-affinity binary binding of the compound to CDK12-cyclin 

K.  

First, we successfully purified and labelled the CDK12-cyclin K complex with an Avi tag on the N-

terminus of the cyclin (CDK12-Tbcyclin K). Thus, we could now titrate DDB1Alexa488 (0 - 2.5 µM highest 

concentration) into a pre-formed complex of CDK12-Tbcyclin K (50 nM) with a saturating excess of CR8 

(10 µM) (Figure 4.4). This strategy yielded a ternary complex binding constant (EC50 ≃ 23 nM) consistent with 

our label-free ITC measurements for this complex (Figure 4.4c). However, the biphasic behaviour persisted 

(Figure 4.4b) and the small assay window (low maximal TR-FRET signal intensity) suggested a suboptimal 

relative orientation of the two fluorophores.  
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Figure 4.4. TR-FRET labelling setup with N-terminal biotin on cyclin K. a, Tag positions annotated on the ternary 
complex crystal structure (left). Schematic of a DDB1 titration (0-2.5 µM) into CDK12-cyclin K (50 nM) premixed with 
a saturating excess of CR8 (10 µM) (termed the forward titration in subsequent sections) (right). b, Titration curve showing 
clear CR8-mediated binding but also compound-independent binding at high concentrations. c, Same titration as in (b) but 
with the concentration range restricted to curb compound-independent effects. However, biphasic behaviour persists, and 
the assay window is very low.     
 

Hence, the Avi tag for Streptavidin-Tb conjugation was moved from the N-terminus to the C-terminus 

of cyclin K and a longer, flexible linker was introduced to prevent any conformational restriction (Figure 4.5a). 

This yielded a more robust assay window and a comparable EC50 value (EC50 ≃ 31 nM). While strong, 

compound-independent effects manifesting in biphasic curves were still observed for upon DDB1 titration 

(Figure 4.5b), restricting the concentration range yielded interpretable binding curves that appear to reach 

saturation (Figure 4.5c). Therefore, this tag combination (CDK12-cyclin KTerbium + Alexa488DDB1) was ultimately 

chosen for future experiments. The comparison between the three labelling schemes tested is summarised in 

Table 4.1. 
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Figure 4.5. Optimised TR-FRET labelling setup with C-terminal biotin on cyclin K. a, Tag positions annotated on the 
ternary complex crystal structure (left). Schematic of a DDB1 titration (0-2.5 µM) into CDK12-cyclin K (50 nM) premixed 
with a saturating excess of CR8 (10 µM) (termed the forward titration in subsequent sections) (right). b, Titration curve 
showing clear CR8-mediated binding but also compound-independent binding at high concentrations. The assay window 
is strongly improved. c, Same titration as in (b) but with the concentration range restricted to curb compound-independent 
effects. The curve reaches saturation, and the dynamic range remains high.      
 
Table 4.1. Side-by-side comparison of TR-FRET assay labelling schemes. Each panel consists of label position annotation 
on the structure (6TD3) and a schematic depiction of the performed titration. a, CDK12-Alexa488cyclin K + TerbiumDDB. b, 
CDK12-Terbiumcyclin K + Alexa488DDB1. c, CDK12-cyclin KTerbium + Alexa488DDB1. 

 CDK12-Alexa488cyclin K + 
TerbiumDDB1 

CDK12-Terbiumcyclin K + 
Alexa488DDB1 

CDK12-cyclin KTerbium + 
Alexa488DDB1 

Label positions 

   

CR8 EC50  247 nM* 23 nM 31 nM 

Advantages 

Robust purification and 
labelling protocol 

 
No CDK12 precipitation 

upon labelling 

Binding constant 
consistent with ITC value 

 
Greater excess of 

compound over kinase 
 

Saturation of binding 
curves reached 

Binding constant consistent 
with ITC value 

 
Greater excess of compound 

over kinase 
 

Saturation of binding curves 
reached 

 
High TR-FRET signal 

intensity 



 130 

Disadvantages 

Binding constant 
inconsistent with ITC value 

 
Compound-kinase 

interaction not saturated 
 

Biphasic binding behaviour 
 

No curve saturation 
 

Binding curves hard to 
interpret 

Risk of CDK12 
precipitation upon 

biotinylation 
 

Low TR-FRET signal 
intensity 

 
Biphasic behaviour 

Risk of CDK12 precipitation 
upon biotinylation 

 
Biphasic behaviour 

*no saturation reached 

 

4.1.4 Titration mode 
Subsequently, we explored additional titration modes, both as internal controls of assay quality and to further 

optimise the setup for compound evaluation. The three titration modes evaluated include forward titration 

(titration of DDB1 into CDK12-cyclin K premixed with an excess of CR8), compound titration (titration of 

CR8 into a pre-mixed CDK12-cyclin K and DDB1; of note this titration mode yielded only spurious signal 

when employed using the initial labelling strategy), and countertitration (titration of an unlabelled DDB1 into 

a pre-formed ternary complex), and are illustrated in Figure 4.6. The resulting binding affinities (EC50 (forward) = 

25 ± 10 nM, EC50 (compound) = 18 ± 1 nM, IC50 (counter) = 96 ± 10 nM) were of the same order of magnitude, 

confirming the reliability of the assay.  

Forward titration and compound titration modes were considered for the evaluation of relative 

compound performance. Comparing the two assay modes, the forward titration appeared to be more prone to 

large errors towards higher titrant concentration and compound-independent biphasic behaviour, yielding less 

reliable fits. The compound titration mode showed more robust, saturating binding curves without any need for 

data exclusion and was therefore chosen for further compound characterisation. Additionally, the compound 

titration mode was favoured as it required much lower protein amounts. 
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Figure 4.6. Illustration of three different titration modes for molecular glue-induced ternary complex formation 
evaluation by TR-FRET. a, Forward titration, whereby DDB1Alexa488 (0-2.5 µM) is titrated into a pre-mixed solution of 
CDK12-cyclin KTerbium (50 nM) and CR8 (10 µM). b, Compound titration, where a dilution series of CR8 (0-10 µM) is 
added into a pre-mixed solution of DDB1Alexa488 (100 nM) and CDK12-cyclin KTerbium (50 nM). c, Counter titration, where 
unlabelled DDB1 (0-20 µM) is titrated into a pre-mixed solution of DDB1Alexa488 (100 nM), CDK12-cyclin KTerbium (50 nM) 
and CR8 (10 µM). (a-c) Data represent the mean ± s.d. (n ≥ 3). Titration schematics were created with BioRender.com. 
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4.1.5 Compound dispensing methods 
Another important aspect of the assay optimization was the choice of a method for compound dilution and 

dispensing. All initial experiments were performed manually, with serial dilutions of each compound in assay 

buffer prepared from DMSO stocks using a Gilson or Eppendorf pipette in strips of polypropylene tubes 

(UltraFlux SNapStrip PCR tubes, SSI cat. no. 3240-00) and then transferred onto the assay plate using an E1-

ClipTip electronic multichannel pipette (Thermo Fischer).  

Alternatives to manual compound handling include acoustic and digital dispensing. At the late stage of 

the project, we acquired a D300e digital dispenser (Tecan) and could therefore compare manual and digital 

compound dispensing across the entire cyclin K degrader dataset (Figure 4.7a) While no obvious difference 

was noted for CR8 (Figure 4.7b) and the majority of investigated derivatives (overall linear correlation with R 

squared = 0.74, depicted in log scale in Figure 4.7a), several small molecules appeared to stochastically yield 

false binding curves when pipetted manually, most often in the form of horizontal lines corresponding to 

saturation at what were believed to be picomolar compound concentration (Figure 4.8a), precluding the 

confident assessment of their binding constants. Following extensive troubleshooting, the issue could be 

attributed to certain compounds adhering to plastic pipette tips when handled as aqueous solutions (but not as 

DMSO-only stocks) (Figure 4.8).  Finding the root cause of this issue was impeded by the frequent changes of 

pipette tip manufacturers due to the recent worldwide shortage of such consumables, as it is possible that the 

interference is especially pronounced for tips of a particular brand. Notably, as tips sometimes become loose or 

spontaneously dislodge from the pipette, this would lead to the tip being changed, which would in turn give rise 

to interpretable data. Such a “deviation” from the protocol is not something that was noted under normal 

circumstances, adding to the stochastic nature of the interference and hindering the troubleshooting process.  

 

 
Figure 4.7. a, Correlation between the TR-FRET EC50 values obtained through digital compound titrations (y axis) or 
manual titrations (x axis). The data were fit with a linear regression in linear scale (R squared = 0.74) but as the values 
span several orders of magnitude, both axes were subsequently log10-scaled for more informative illustration of the fitting. 
Hence, the fitting curve on the above graph appears non-linear. b, Digital or manual handling, and more specifically the 
number of tip changes upon preparation of the 16-point dilution series for the compound titration, do not affect the EC50 
value for CR8.  

     

Problems that could result from tip-based compound handling are acknowledged in the high-throughput 

screening community but rarely formally reported on, with one important exception324. However, compound 

“stickiness” can greatly influence all their downstream evaluation. Such confounding behaviour is not 
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straightforward to predict or identify as it can give rise to both false negatives (e.g. if compounds firmly adhere 

to tubes and hence are depleted from the assay solution; such a case is detailed in 324) and positives (if 

compounds (or their aggregates) weakly stick to plastic tips and hence are transferred at a much higher 

concentrations than expected in serial dilutions, see below). The referenced study reviews several direct 

comparisons for tip-based versus acoustic dispensing, and our data provide another dataset (Figure 4.7a).   

Figure 4.8 depicts titrations of compound DS17 (Figure 4.9a) into Alexa488DDB1 and CDK12-

cyclinKTerbium obtained through different pipetting and dispensing schemes. A 16-point dilution series of the 

compound in buffer was either manually pipetted using an Eppendorf pipette with the same, single tip (Figure 

4.8a), changing tips after the 2nd and 8th tube only (Figure 4.8b), changing tips after every tube (i.e. 15 times; 

Figure 4.8c), or pipetted with no tips, using the digital dispenser robot (Figure 4.8d), with all experiments 

performed using the same compound stock aliquot. The effect of such tip changes was corroborated in an 

independent experiment using a different compound and protein stock solutions, pipette, and tips (Figure 4.8e).  

    

 
Figure 4.8. Impact on the dispensing method on compound titrations. a, TR-FRET curve resulting from a manual 16-
point compound dilution in the assay buffer performed with an Eppendorf pipette in two strips of PCR tubes without tip 
changes throughout. b, As in (a) but with a tip change after the first and eighth tube, respectively. c, As in (b) but with tip 
changes after every tube. d, Digital dispensing of the compound, which utilises no tips. The stock solution in DMSO is 
directly pipetted onto the chip of the D300e robot. Data represent ±s.d  from two technical replicates. e, An additional 
replicate of a DS17 titration with the compound serial dilution performed with no tip change (purple) versus with tip 
changes after each tube (red) by another experimenter (Master student Vivian Focht).  

 

Interestingly, the above-described discrepancy only occurred for some derivatives and not for other, 

closely related compounds (Figure 4.9). While no common structural determinant of the observed behaviour 

could be identified, we note for instance that the majority of compounds with the dichlorobenzimidazole moiety 

(present in DS17, 18, and SR-4835) display this interference pattern. 
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Figure 4.9. a, Chemical structures of compounds with no noted issues upon manual dilution. b, Examples of compounds 
closely related to those in (a) yet giving rise to spurious titration results upon manual handling.  

 

In all the following experiments, the compounds were dispensed digitally using the D300e robot 

(Tecan).  

 

4.1.6 FRET pair 
To explore whether the dynamic range of the assay could be further improved by employing a different TR-

FRET pair, we tested multiple different donors (Tb and Eu) and acceptors (Alexa488, Alexa647, and Cy5) (Table 

4.2). For this, individual batches of purified CDK12-cyclin K were biotinylated and incubated with Streptavidin-

Tb or Streptavidin-Eu. The S50C mutant of the SpyCatcher protein was purified and labelled with Alexa488, 

Alexa647 or Cy5 and conjugated to separate batches of SpyDDB1. The exploration of multiple TR-FRET donors 

was motivated by their distinct properties. The proprietary lanthanide chelates and cryptates (Thermo Fischer) 

differ in their tolerance to chemical and buffer conditions and have distinctive spectral properties. Additionally, 

terbium has been reported to have a higher quantum yield and molar extinction coefficient than europium, 

leading to potentially improved screening performance325. Different TR-FRET pairs are also characterised by a 

varying separation between donor and acceptor excitation and emission peaks and could therefore offer a distinct 

signal-to-noise ratio and dynamic range.     

While complex formation with all possible combinations of the fluorescently-labelled CDK12-cyclin 

K and DDB1 was evaluated for completeness (Figure 4.11), only some pairs exhibited favourable spectral 

overlap and hence yielded strong signal upon CR8 titration (Table 4.2, Figure 4.11, Figure 4.10). The assay 

window varied strongly but, importantly, the CR8 EC50 value was consistent across all the tested sets (11 nM > 

EC50 > 19 nM).  

Another variable to consider is the choice of wavelengths at which donor and acceptor emissions are 

read out. For the pairing of Tb with Alexa647 or Cy5, two different filter sets were employed. Conventionally, 

such TR-FRET measurements are performed using a filter set with excitation at 337 nM and emissions at 665 

nM (Alexa647) and 620 nM (Tb) (Figure 4.10b). However, a different, more pronounced and more spectrally 
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distant peak of Tb emission (at 545 nM) can be sampled instead using a 337-545-680 filter cube (kindly provided 

by Uli Hassiepen, Novartis). 

 
Table 4.2. Effective combinations of TR-FRET donors, acceptors, and filter sets for FRET signal measurement. The 
excitation and emission peaks expected to be read out are underlined. Asterisk marks a combination where the filter set 
should in principle not yield any signal, yet meaningful titrations are observed.   

 

 

 

Donor 
Donor excitation 

à emission 
wavelength [nm] 

Acceptor 

Acceptor 
excitation 
à emission 
wavelength 

[nm] 

Filter 
wavelengths 
[nm] for TR-

FRET 
measurement 

CR8 EC50 

[nM] 
CR8 

FRETmax 
DMSO 

FRETmax 

Tb 337 à 490, 550, 
590, 625 

Alexa488 501 à 522 337-520-490 16 1.57 0.08 

Tb 

337 à 490, 550, 
590, 625 

Alexa647 
614, 653 à 

673 

337-665-620 14 1.38 0.28 

337 à 490, 550, 
590, 625 337-680-545 18 0.67 0.08 

Tb 

337 à 490, 550, 
590, 625 

Cy5 609, 652 à 
672 

337-665-620 11 0.94 0.59 

337 à 490, 550, 
590, 625 

337-680-545 15 0.43 0.18 

Eu 

337 à 595, 615 

Alexa647 
614, 653 à 

673 

337-665-620 19 0.60 0.06 

337 à 595, 615 337-680-545* 12* 331* 114* 

Eu 337 à 595, 615 Cy5 
609, 652 à 

672 337-665-620 14 0.33 0.10 
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Figure 4.10. Emission spectra of TR-FRET donors (Tb, Eu) and excitation spectra of TR-FRET acceptors (Alexa488, 
Alexa647, Cy5). Vertical dotted lines correspond to the wavelengths at which fluorescence is measured during the 
experiment. a, Experiments with the Tb-Alexa488 FRET pair can be performed with the 337-520-490 filter set to follow 
Alexa488 emission (520 nM) and Tb emission (490 nM). b, Assays with the Tb-Alexa647 FRET pair can be performed with 
a 337-665-620 filter cube to follow Alexa647 emission (665 nM) and Tb emission (620 nM) or using a 337-680-545 filter 
set to follow Alexa647 emission (680 nM) and a better separated peak of Tb emission (545 nM). c, Eu and Alexa488 do not 
constitute a usable FRET pair due to no overlap between the Eu emission spectrum and the Alexa488 excitation spectrum. 
d, As in (b) but for Eu-Alexa647. The rightmost panel illustrates how no signal was expected for the measurement using the 
337-680-545 filter cube. (c, d) As Alexa647 and Cy5 have closely similar spectra, only Alexa647 is depicted for brevity. 
Spectral data for individual fluorophores were obtained from Thermo Fischer.   
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Figure 4.11. a, Titration of CR8 or DMSO vehicle control into DDB1 and CDK12-cyclin K labelled with all combinations 
of TR-FRET donor and acceptor, with the signal measured using the 337-520-490 filter set (top panel). Tb-Alexa488 
constitute the best FRET pair among the tested combinations (bottom panel). b, Titration of CR8 or DMSO vehicle control 
into DDB1 and CDK12-cyclin K labelled with all combinations of TR-FRET donor and acceptor, with the signal measured 
using the 337-665-620 filter set (top panel). Several FRET pairs yielded robust signal (bottom panels). c, Titration of CR8 
or DMSO vehicle control into DDB1 and CDK12-cyclin K labelled with all combinations of TR-FRET donor and acceptor, 
with the signal measured using the 337-680-545 filter set (top panel). Several FRET pairs yielded robust signal (bottom 
panels). (a-c) The shown data represent the mean signal across ten consecutive measurements of the same plates.       

 

Notably, a setup that was not expected to produce any meaningful readings (the donor Eu and acceptor 

Alexa647 with the 337-680-545 filter) yielded the highest FRET signal, with the maximum readout (CR8 

FRETmax) of 331 (c.f. 1.57 for the second highest-scoring setup; Table 4.2). As the TR-FRET signal is a ratio 

of signal at 680 nM to that at 545 nM, this can be likely attributed to the measurement at 545 nM yielding 

extremely low values, as neither Eu nor Alexa647 emit in this region of the spectrum, effectively invalidating the 

ratiometric nature of the measurement and likely leading to added noise.  

We assessed the time stability of the signal resulting from the above-described combinations, focusing 

the two FRET pairs giving rise the highest assay window, and we observed strong differences in signal stability 

(Figure 4.12), with the Eu - Alexa647 pair measured using the 337-680-545 filter yielding large deviations across 

repeated measurements. Hence, we chose to proceed with the initial combination of the Tb-Alexa488 FRET pair 

and the original 337-520-490 filter for all the following experiments.    
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Figure 4.12. Signal stability evaluated through ten consecutive measurements of the same plate every two minutes. Each 
colour corresponds to an individual timepoint. a, The Tb-Alexa488 FRET pair used throughout shows reliable signal with 
no changes over time. b, The Eu-Alexa647 pair data show very large variability and hence this setup was not considered for 
further experiments.     

 

4.1.7 Plate type 
Both black and white microplates can be used for FRET experiments. Our previous assays were performed 

solely in black 384-well microtiter plates as they are known to absorb light and reduce well-to-well crosstalk 

and background signal, and black plates are also utilised for other fluorescence-based techniques such as FP. 

However, as TR-FRET uses donors with long half-lives and therefore incorporates a delay time between donor 

excitation and signal measurement, any background fluorescence is expected to fade before data collection, 

likely making this precaution superfluous, with black plastic unnecessarily quenching the observed signal. As 

white plates maximally reflect the light, we tested whether using such microplates would result in higher raw 

signals. Indeed, pipetting the same CR8 titration into a black and a white Greiner 384-well microplate (cat. no. 

784076 and 784075, respectively; Figure 4.13a) at a final volume of 8 µL demonstrated that white plates give 

rise to a larger assay window (Figure 4.13b).  

 

 
Figure 4.13. Plate optimization. a, Greiner 384-well microplates with catalogue numbers 784076 (black) and 784075 
(white). b, TR-FRET curves showing the same CR8 titration pipetted into two different plates. Same EC50 (12 vs 15 nM 
for black and white plate, respectively) but a larger assay window for the white plate.   

 

4.1.8 Buffer components 
All the above-described experiments were performed in a buffer containing Tris 7.5 (50 mM), NaCl (150 mM), 

pluronic acid (F-68, 0.1 %), and DMSO (0.5%). During the assay optimization process, we evaluated the impact 

of various buffer components on the dynamic range and signal stability of the TR-FRET CR8 compound 



 139 

titration. First, we compared the buffering agents HEPES (pH 7.4, 50 mM) and Tris (pH 7.5, 50 mM). As 

depicted in Figure 4.14a, Tris has a free amine moiety while HEPES is an inherently more inert, zwitterionic 

buffer. We observed that HEPES-based buffers give rise to a considerably larger assay window when measured 

both in black and in white plates (Figure 4.14b). We therefore decided to conduct all further experiments in a 

HEPES-based buffer and in white microtiter plates.       

 

 
Figure 4.14. Buffering components. a, Chemical structures of Tris (free base) and HEPES. b, CR8 titration into 
Alexa488DDB1 and CDK12-cyclin KTerbium in a buffer consisting of 150 mM NaCl, 0.5% DMSO, 0.1% pluronic acid, and 
either 50 mM HEPES pH 7.4 or 50 mM Tris pH 7.5. The same reactions were pipetted into black (left panel) or white 
(right panel) 384-well microplates.      

 

In TR-FRET, a detergent is added to improve the manual handling of low-microliter volumes, as well 

as to solubilise the assay components and reduce their attachment to the plastic. Our initial setup used pluronic 

acid (F-68, Gibco), a non-ionic surfactant, at 0.1% (v/v). Lowering the concentration to 0.05 % considerably 

affected the CR8 titration curve (Figure 4.15a) and its omission yielded exceedingly noisy data (not shown). 

Another non-ionic surfactant often used in HTS is Tween-20. We tested whether Tween-20 at 0.005 % (v/v; 

concentration chosen to be ten-fold lower than the critical micelle concentration) would perform better than 

pluronic acid at 0.1% (v/v) with the HEPES-based buffer and found that this substitution was favourable, giving 

rise to a larger dynamic range of the assay (Figure 4.15b).    
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Figure 4.15. a, CR8 titration into Alexa488DDB1 and CDK12-cyclin KTerbium in a buffer consisting of 50 mM Tris pH 7.5, 
150 mM NaCl, 0.5 % DMSO and either 0.1 % or 0.05 % pluronic acid. b, CR8 titration into Alexa488DDB1 and CDK12-
cyclin KTerbium in a buffer consisting of 50 mM HEPES pH 7.4, 150 mM NaCl, 0.5% DMSO and either 0.1 % pluronic acid 
or 0.005 % Tween-20. c, CR8 titration into Alexa488DDB1 and CDK12-cyclin KTerbium in a buffer consisting of 50 mM 
HEPES pH 7.4, 150 mM NaCl, 0.5 % DMSO and 0.005 % Tween-20, and either no additional additives or 1 mM TCEP 
or 0.05 % BSA. d, CR8 titration into Alexa488DDB1 and CDK12-cyclin KTerbium in a buffer consisting of 50 mM HEPES pH 
7.4, 150 mM NaCl, 0.5 % DMSO and 0.005 % Tween-20, and either no additional additives or 2 mM EDTA, 1 mM TCEP, 
and 0.05 % BSA. (a-d) All assays were performed in white 384-well microplates.  

 

In a final buffer optimization step, multiple additives were evaluated. The addition of reducing agent 

(TCEP at 1 mM) or BSA (at 0.05% (w/v), protease and essential globulin-free, Sigma Aldrich cat. no. A-7030) 

did not affect the assay window or the CR8 binding curve (Figure 4.15c). However, both additives were 

incorporated as they could impact the long-term stability of the assay components in case prolonged incubation 

times are required during experiments. A chelator (EDTA at 2 mM) was also added to scavenge any free metal 

ions that could persist following compound synthesis or protein purification. Figure 4.15d shows that the 

simultaneous incorporation of these three additives had a positive effect on the assay window.  

The overall difference in the assay dynamic range and data quality resulting from the initial and 

optimised TR-FRET experimental design is illustrated with a ternary complex DDB1-CDK12-cyclin K assay 

with several inhibitors (Figure 4.16). The initial and final experimental conditions are additionally summarised 

in Table 4.3. 
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Figure 4.16. Improvement in the TR-FRET assay results. a, Original forward titrations showing ternary complex formation 
with several published CDK inhibitors as featured in 294. b, Optimised compound titrations with the same compound set. 
The assay can better differentiate between the compounds’ ability to promote complex formation. (a, b) Data represent 
mean±s.d. from three technical replicates.   

 
Table 4.3. Comparison of the initial and final, optimised TR-FRET setup. 

Setup Label positions Titration mode Buffer 
composition 

Plate type Compound 
dispensing 

Initial (Chapter 2) 
CDK12-

Alexa488cyclin K 
and TerbiumDDB1 

Forward 
titration 

50 mM Tris pH 
7.5 

150 mM NaCl 
0.1 % Pluronic 

F-68 
0.5 % DMSO 

Black (Greiner, 
cat. no. 784076) 

Manual 

Final (Chapter 3) 

CDK12-
cyclin KTerbium 

and 
Alexa488DDB1 

Compound 
titration 

50 mM HEPES 
pH 7.4 

150 mM NaCl 
0.005 % Tween 

20 
0.5 % DMSO 
0.05 % BSA 
1 mM TCEP 
2 mM EDTA 

White (Greiner, 
cat. no. 784075) Digital 

 

 

 

4.1.9 Assay quality control and miniaturisation 
Finally, we performed additional steps to verify whether the optimised TR-FRET setup could be used for HTS 

of larger libraries. 

For this, we tested whether the assay could be effectively performed in a 1536-well format and in a 4 

µL volume (as opposed to the 384-well plates and volume of 8 µL per well employed so far). First, a high-low 

experiment was performed, whereby many replicates of a positive (here: CR8;  n=198) and negative control 

(here: DMSO; n=198) are measured to determine the assay quality and dynamic range. For the handling of 

1536-well plates, liquid-dispensing systems at Novartis were used under the supervision of Sandra Romero-
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Lopez. Firstly, CR8 was dispensed using a D300e (Tecan) digital dispenser as described above, with the 

exception that now the order of addition was reversed due to the constraints of the HTS pipeline. The assay 

solution (containing Alexa488DDB1, CDK12-cyclin Kbiotin, and Streptavidin-Tb in assay buffer) was then plated 

using a CERTUS FLEX liquid dispenser. TR-FRET measurements performed using the Pherastar (BMG) 

demonstrated a robust assay window and limited variability within each condition (Figure 4.17a).  

 

 
Figure 4.17. Assay miniaturization. CR8 (1 µM) or DMSO were added to the assay solution containing 100 nM 
Alexa488DDB1, 50 nM CDK12-cyclin Kbiotin, and 4 nM Streptavidin-Tb in the final assay buffer (Table 4.3). b, Titration of 
CR8 into the assay solution, with consecutive readouts every 10 minutes.  (a, b) Both experiments were performed in a 
1536-well white plate with 4 µL per well. The y-axis range is indicative solely of the Pherastar plate reader signal 
multiplication settings and does not reflect a change of the assay window in this assay setup.    

 

This dataset allowed us to evaluate the Z’ factor, a common metric of HTS assay quality326 (Equation 

4.2). In the experiment shown in Figure 4.17a, the Z’ factor was determined to be 0.83, a value indicative of a 

highly robust assay, indicating that assay hits can be identified with a high degree of confidence326.    

 

𝑍& = 1 −	
(3𝜎'( +	3𝜎'))
|𝜇'( − 𝜇')|

 

Equation 4.2. Z’ factor for assessment of assay quality. 𝜎#$ and 𝜎#% refer to the standard deviation of the positive (+) and 
negative (-) control. 𝜇#$ and 𝜇#% represent the mean of the positive (+) and negative (-) control, respectively326. The metric 
is reflective of both the dynamic range of the assay, and of the data variation. Zhang et al. describe assays with Z’ > 0.5 as 
excellent, with Z’=1 corresponding to a theoretical ideal assay326.   

 

 We further measured CR8 dose-response curves with the downscaled TR-FRET setup and the CR8 

titration yielded EC50 values in the expected range (7-10 nM) (Figure 4.17). The signal was read consecutively 

every 10 minutes to establish whether plate incubation is required for, or perhaps detrimental to, robust signal. 

We observed only minimal changes across the 60-minute measurement, meaning that a straightforward pipeline 

could likely be set up in the context of HTS assay. 
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Hence, the TR-FRET assay was optimised and successfully downscaled to a 1536-well format. The 

high Z’ parameter and robust dynamic range strongly suggest that the assay can be used for HTS campaigns to 

identify compounds that promote the DDB1-CDK12-cyclin K interaction among larger libraries. 

 

4.2 Fluorescence-based methods to study protein-DNA interactions 

4.2.1 Fluorescence polarization 

Fluorescence polarisation (FP) is another fluorescent-based technique that is frequently used to measure 

protein-ligand, protein-DNA, and protein-protein interactions. Originally described by Perrin327, the technique 

is based on the differential Brownian motion-driven rotation of molecules in solution depending on their mass, 

with larger masses moving slower328. Upon excitation by polarised light, a fluorescent molecule will emit light 

with a degree of polarisation inversely proportional to the rate of its molecular rotation. Thus, when a small 

fluorescently labelled species (e.g. peptide, oligonucleotide, or ligand; typically smaller than 1500 Da) is excited 

with polarised light, its rapid rotation will result in prompt depolarisation of the emitted light. However, when 

this small species binds a larger molecule (typically a protein larger than 10-15 kDa), its rotational movement 

becomes slower, with the emitted light therefore retaining more polarisation (Figure 4.18). The binding of a 

small, fluorescently labelled species to a larger unlabelled biomolecule can thus be monitored through changes 

in emitted light polarisation from low to high.  

 

 
Figure 4.18. The principle of FP. An unbound fluorescent probe rotates rapidly, and thereby emits light that does not 
preserve the polarization of the excitatory light, leading to low FP signal. Upon binding to a much larger species, the 
fluorophore rotates more slowly, preserving some polarization of the excitation light (high FP signal).   

The FP signal is proportional to the fraction of bound species and can be used to determine apparent Kd 

or IC50 values of the studied interaction. Quantitatively, FP is defined as the difference in the intensity of emitted 

light parallel (I||) and perpendicular (I⊥) to the plane of excitation light, normalised by the total fluorescence 

emission intensity (Equation 4.3)328 and is commonly expressed in millipolarisation units (mP). The FP value 
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is therefore independent of the absolute intensities measured at either orientation (I||, I⊥) and hence of the 

concentration of the fluorophore. While this relationship holds in principle, deviations can be observed upon 

aggregation of the fluorescent probe at high concentrations or in case the fluorophore’s quantum yield (intrinsic 

fluorescence intensity) changes upon protein binding, and such aberrations complicate the interpretation of the 

results329.  Hence, the nature of the fluorophore can affect the studied interaction in ways that are challenging 

to predict. 

𝐹𝑃 = 	
I|| − I+
I|| + I+

 

Equation 4.3. Fluorescence polarization (FP) is defined as the difference in the intensity of emitted light parallel (I||) and 
perpendicular (I⊥) to the plane of excitation light, normalised by the total fluorescence emission intensity. 

 

The dynamic range of the FP assay is determined by the change in molecular weight upon binding, but 

also by the fluorophore lifetime, and hence its choice should be carefully considered330. Other fluorophore 

properties such as quantum yield, extinction coefficient, and chemical stability should also be taken into 

account331.  

From a practical standpoint, FP measurements are conducted black microtiter plates (usually 96- or 

384-well) using a plate reader equipped with suitable polarised excitation and emission filters. The experiments 

require a fluorescent probe, and various fluorophores and conjugation methods can be employed depending on 

the chemical nature of the tracer and on the studied interaction. The main advantage of FP assays is their 

homogenous, mix-and-read nature. However, an important drawback of the method is a relatively restricted 

range of binding strengths that can be measured. This is because relative saturation of the tracer-protein 

interaction (large fraction bound) is required for a sufficient assay window, which for low-affinity interactions 

can lead to unattainably high protein concentrations being required for conclusive titrations332.      

 

4.2.2 Mechanisms of OCT4-SOX2 motif readout on nucleosomes  
This section features a summary of a published manuscript under the same title, including a more detailed 

description of some of the FP experiments that I contributed to this work (subsection 4.2.2.4, includes 

unpublished data). Specifically, my contribution spanned the design, optimisation, and execution of FP 

experiments for the investigation of the binding affinities of OCT and/or SOX2 for double-stranded DNA 

(dsDNA) and nucleosomes. I also performed histone purification and octamer reconstitution, DNA purification, 

nucleosome reconstitutions, and OCT4-SOX2 purifications. The methods pertaining to my contributions to this 

work are described in section 6.4, whereas the complete methodology for the study can be found in the published 

manuscript (Appendix). 

 

4.2.2.1 Introduction 
Transcription factors (TFs) regulate gene expression by interacting with specific motifs in chromatin, where its 

fundamental building blocks, nucleosomes, inherently restrict DNA accessibility333,334. Nucleosomes, composed 
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of histones (H2A, H2B, H3 and H4) and two DNA gyres, are predicted to restrict TF access to over 90% of 

nucleosomal DNA335,336. A subset of so-called pioneer TFs was defined based to their ability to recognize their 

motifs in chromatinised DNA - yet, it remains poorly understood how these TFs can bind nucleosome-occupied 

genomic loci. Multiple scenarios for pioneer factor engagement of chromatin have been proposed, including TF 

binding without alterations to the nucleosomal architecture, engagement with changes such as histone 

distortions, and binding facilitated by nucleosome unwrapping dynamics at the entry-exit sites337–340. In this 

study, we employed a novel quantitative assay, SeEN-seq, as well as structural and biophysical methods, to 

investigate how the key pluripotency pioneer factors OCT4-SOX2 engage nucleosomal DNA. 

 

4.2.2.2 SeEN-seq reveals the end-binding preference of OCT4-SOX2  

Around a nucleosome, each rotational and translational motif register places the TF in a distinct environment 

with respect to the DNA gyres and the histone octamer. To evaluate the relative affinity of OCT4/SOX2 at all 

possible nucleosomal positions in parallel, we developed a quantitative, sequencing-based Selected Engagement 

on Nucleosome sequencing (SeEN-seq) assay, which combines electron mobility shift assays (EMSAs) with a 

library of nucleosomes bearing different motif positions and next-generation sequencing (NGS) (Figure 4.19a). 

This technique allowed for the exhaustive evaluation of OCT4, OCT4-SOX2, and SOX2 binding preferences 

within a 601-nucleosome positioning sequence341 containing a canonical OCT4 motif (Figure 4.19b). The assay 

revealed a clear OCT4 preference for nucleosomal DNA entry-exit sites, and a minor contribution of periodic 

binding (Figure 4.19b, c). While OCT4-SOX2 binding appears roughly symmetrical across the dyad, for OCT4 

alone, enrichment in the right half of the nucleosome (SHL+4 to +6.5) is more pronounced (Figure 4.19b), 

likely due to the opposite motif orientation on either side of the dyad. SOX2 shows less differential enrichment 

in SeEN-seq, but it cooperatively strengthens OCT4 binding by up to 650-fold at discrete sites. While stronger 

binding near the DNA ends was observed throughout, local motif orientation and nucleosome context also 

modulated TF engagement (Figure 4.19b, d). Thus, spatial orientation of the motif, cooperativity and 

nucleosomal breathing dynamics all govern OCT4-SOX2 binding. 
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Figure 4.19. SeEN-seq identifies preferred binding sites of OCT4 and OCT4-SOX2 across the nucleosome. (A) 
Principle of SeEN-seq. A library of TF motif–containing nucleosome positioning sequences is assembled into nucleosomes 
and incubated with TF(s). TF-bound and unbound nucleosome complexes are separated by EMSA and sequenced, 
revealing position-specific enrichments. Stars indicate a specific example sequence at each step of the assay. (B) SeEN-
seq enrichment (n = 3 replicates) for nucleosome pool with or without TFs. Motif position is indicated by superhelix 
location (SHL) that describes where the minor groove faces away (SHLs ±1, ±2, etc.) or toward (SHLs ±1.5, ±2.5, etc.) the 
histone octamer. (C) Autocorrelation analysis of OCT4 enrichment; dashed lines indicate 95% confidence interval. (D) 
DNA nucleosome unwrapping energy338 versus OCT4 and OCT4-SOX2 SeEN-seq enrichment profile. Arrows indicate 
enriched positions in OCT4. DG, delta Gibbs free energy; kBT, 0.6 kcal/mol, where T = 300 K. Figure reproduced from 
342. I have not contributed to these results (beyond protein purification). 

 

4.2.2.3 Structural studies of OCT4-SOX2 on the nucleosome  

We then pursued cryo-EM studies to visualise the OCT4-SOX2-nucleosome complex at two favoured positions 

(SHL-6 and SHL+6). At the SHL-6 motif location, the bound OCT4-SOX2 heterodimer causes partial DNA 

release away from the histone core, but without destabilising the octamer itself (Figure 4.20). OCT4 has a 

bipartite DNA binding domain (DBD) consisting of a POU-specific (POUS) and POU-homeodomain (POUHD), 

but only the POUS domain was visible and engaged to a partial OCT4 motif on the nucleosome343 (Figure 4.20a, 

e, f). The DNA detachment from histones was attributed mainly to SOX2 inducing a circa 90° kink in a manner 

reminiscent of its engagement of free DNA, with the two factors synergistically releasing the DNA from the 

octamer (Figure 4.21a, b). As an orthogonal approach, we employed DNAse I footprinting assays and 

confirmed that OCT4-SOX2 binding at the SHL-6 position results in DNA detachment from the histone octamer 

(Figure 4.21c).    
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Figure 4.20. Cryo-EM structure of OCT4-SOX2-NCPSHL−6 complex. (A) Domain schematic of OCT4 and SOX2 
constructs. GFP, green fluorescent protein; TAD, transactivation domain. (B) Cryo-EM map of OCT4-SOX2-NCPSHL−6 at 
3.1-Å resolution. (C) Model of the OCT4-SOX2-NCPSHL−6 complex. The H3 N-terminal helix and tail (shown as spheres) 
stabilise DNA at the entry-exit in a canonical nucleosome344. The presence of OCT4-SOX2 increases the distance between 
H3 (Arg41) and the nearest DNA base (T143) by 12.7 Å as compared with the unbound nucleosome. (D) Dyad view of 
the OCT4-SOX2-NCPSHL−6 structure. (E) In the depicted OCT4-SOX2 arrangement, a model of POUHD engagement with 
its motif shows significant clash with the H2A:H2B dimer. Overlay of free DNA–bound structure (PDB: 1O4X) with the 
nucleosome-bound structure, aligned on the DNA. (F) Schematic of free DNA versus the observed nucleosome-binding 
mode of OCT4-SOX2. NCP: nucleosome core particle. Reproduced from 342. I have not contributed to these results (beyond 
NCP reconstitution and protein purification). 
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Figure 4.21. OCT4-SOX2 lifts the entry-exit DNA away from the histone core. (A) Comparison of the unbound 
nucleosome DNA (blue) with the OCT4-SOX2 bound nucleosome structure (grey). The DNA is kinked ~90° away from 
the histones. Residues at the OCT4-DNA interface are shown as sticks. POUS motif nucleotides are shown as ribose and 
base rings. (B) SOX2 kinks the nucleosomal DNA away from the histones. SOX2 uses conserved (Phe48 and Met49) 
residues to intercalate a TT base step, indicated by arrows. OCT4 is removed for clarity. (C) Difference in DNase I digestion 
across the nucleosome in the presence of OCT4 or OCT4-SOX2 (right). Zoom-in view around the OCT4-SOX2 motif 
(left). Reproduced from 342. I have not contributed to these results (beyond NCP reconstitution and protein purification). 

 

In a second structure, we visualised OCT4-SOX2 bound in a similar nucleosome environment (SHL+6), 

but with an inverted OCT4-SOX2 motif (Figure 4.22). At this register, OCT4 again was found to only engage 

a partial motif with its POUS domain, but instead of DNA release, OCT4-SOX2 binding was accommodated 

with only local distortions.  
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Figure 4.22. OCT4-SOX2 bound at SHL +6 induces localized DNA distortion. (A) Depiction of OCT4-SOX2 SeEN-
seq profile illustrating symmetric positions used for structure determination (arrows). As the OCT4-SOX2 motif is tiled 
across the nucleosome, the orientation of the proteins in relation to the dyad is inverted. (B) OCT4-SOX2-NCPSHL+6 model. 
(C) Details of SOX2-induced DNA kink. SOX2 binding locally distorts DNA near SHL +5. The C terminus of SOX2 
approaches the histone core when bound in this orientation, distorting DNA away from the stabilizing H2B residues [N 
terminus (Arg34) and α1]. The 7-Å movement indicated is calculated between the phosphate backbone at Cys123 in the 
bound and unbound DNA. SHLs are shown (SHLs +4.5 and +5.5). (D) Comparison of the DNA trajectory in the OCT4-
SOX2-NCPSHL+6 (SHL +6) (top) versus OCT4-SOX2-NCPSHL−6 (SHL −6) (bottom) structures. The DNA trajectory at the 
entry-exit site of the TF-bound structures is indicated with an arrow. Reproduced from 342. I have not contributed to these 
results (beyond NCP reconstitution and protein purification). 
 

Hence, in both structures, OCT4 binds a partial DNA motif through its POUS domain, and together with 

SOX2 impacts the entire nucleosomal DNA structure to varying extents. Strikingly, the nucleosome responds 

to the same motif in a non-equivalent manner when it is presented in a different orientation, highlighting further 

structural implications of motif placement. 
 

4.2.2.4 Fluorescence polarisation measurements to study TF-DNA and TF-nucleosome 

interactions 
The SeEN-seq assay revealed how the motif register impacts the binding affinity of OCT4 and/or SOX2 for 

nucleosomes (section 4.2.2.2). We sought to establish an orthogonal FP assay in order to corroborate the relative 

binding affinities for several chosen motif positions as well as to study the effect of protein mutations on these 

interactions.   

For this, we used a 21-mer dsDNA probe containing the OCT4-SOX2 motif and labelled with 

fluorescein (Flc) (5’-Flc-GACCTTTGTTATGCAAATTAA). We first tested the TF-probe interaction through 

forward titrations of each protein (OCT4, SOX2, OCT4-SOX2 complex or OCT4 DBD) into the tracer dsDNA 

(Figure 4.23a). We observed nanomolar interactions, with OCT4 alone binding more weakly than SOX2 or the 
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OCT4-SOX heterodimer. Interestingly, the OCT4 DBD was found to binds with a higher affinity than the full-

length OCT4 protein. This observation is somewhat counterintuitive, yet we have observed such a pattern for 

other TFs (data not shown).  

 

 
Figure 4.23. a, Fluorescence polarization forward titration experiments using 10 nM Flc-OCT4-SOX2 oligo (5’-Flc-
GACCTTTGTTATGCAAATTAA) in the presence of increasing amounts of either full-length OCT4, OCT4 DBD, SOX2 
(residues 37-118) or OCT4-SOX2 mixed at equimolar concentrations and titrated as indicated. For OCT4-SOX2, the 
concentration indicates the concentration of the heterodimer. Kd (app): apparent dissociation constant. b, 10 nM of a Flc-21-
bp-DNA containing the OCT4-SOX2 motif was mixed with OCT4, SOX2 (residues 37-118) or OCT4-SOX2 and counter 
titrated with the indicated unlabelled oligonucleotides. Relative affinities are indicated as IC50 values. We note that these 
measurements are unable to distinguish between non-specific and specific binding events and were fitted using a total 
binding curve. All data include three technical replicates (n=3) and are shown as mean ± s.d. 

 

 Next, we wanted to investigate the sequence specificity of this interaction in a competition FP assay. In 

this assay format, the FP signal should decrease upon titration of an unlabelled competitor dsDNA. We 

performed counter titrations with a specific (identical to the tracer but unlabelled) or random (randomised 

sequence, no Flc) 21-bp dsDNA (Figure 4.23b). We observed that the binding of OCT4 shows clear dependence 

on the presence of its cognate motif, while SOX2 does not differentiate between random and motif-containing 

oligonucleotides and OCT4-SOX2 together display only a mild sequence preference.   

To validate the relative affinities of OCT4 and/or SOX2 binding at selected positions on the 

nucleosome, we next performed counter titrations with several nucleosomal substrates (Figure 4.24). We 

observed that OCT4 preferentially engages nucleosomes with the motif at the SHL±6 position than at an internal 

site (SHL+2), and only weakly interacts with a Widom 601 sequence nucleosome341 with no motif (Figure 

4.24a). Akin to its behaviour on free DNA, SOX2 showed only a mild preference for motif-containing over 601 

nucleosomes and, interestingly, showed a two-fold higher affinity for the dyad-proximal SHL+2 motif position 

than for the SHL-6 location, in agreement with earlier reports339 (Figure 4.24b). We also compared the binding 
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of OCT4 DBD and the full-length protein to the SHL-6 nucleosome and saw that unlike on free DNA, here they 

display roughly the same binding affinity (Figure 4.24c). Interestingly, the density for the OCT4 transactivation 

domains (TADs) was not observed in the cryo-EM structures, consistent with its lack of positive contribution 

to nucleosome binding in the assay.   

 

 
Figure 4.24. a, 10 nM of a fluorescein (Flc) labelled 21-bp DNA containing the OCT4-SOX2 motif (5’-Flc-
GACCTTTGTTATGCAAATTAA) were mixed with 300 nM OCT4 full-length protein and counter-titrated with 
nucleosomes. Relative affinities are indicated as IC50 values. All data include two to three technical replicates and are 
shown as mean ± s.d. b, 10 nM of a Flc-21-bp-DNA containing the OCT4-SOX2 motif were mixed with 150 nM SOX2 
(aa 37-118) and counter titrated with nucleosomes. Relative affinities are indicated as IC50 values. All data include two to 
three technical replicates and are shown as mean ± s.d. c, 10 nM of a Flc-21-bp-DNA containing the OCT4-SOX2 motif 
were mixed with 300 nM full-length OCT4 or OCT4 DNA binding domain only (residues 134-290) and counter titrated 
with nucleosomes. All data include three technical replicates (n = 3) and are shown as mean ± s.d. 

 

Pioneer factors have initially been postulated to have similar binding affinity on nucleosomes as on 

naked DNA345. More recent work from multiple laboratories, however, has shown that these factors generally 

exhibit higher affinity for free DNA or linker regions than for nucleosomes339. As described above, we found 

that OCT4 shows specific binding to both free DNA (21-mer oligonucleotide) and nucleosomes, while SOX2 

displays a high-degree of nonspecific binding affinity to both free DNA (21-mer oligonucleotide) and 

nucleosomes. To directly compare the binding affinity to the naked vs nucleosomal DNA for OCT4-SOX2, we 

performed FP countertitration with long, 153-bp dsDNA that is not assembled into nucleosomes. Strikingly, 

OCT4 binds 153bp free DNA (601 sequence + EcoRV overhang), and the same DNA carrying an OCT4-SOX2 

motif, with roughly equal affinity (Figure 4.25a); while for OCT4, the same DNA embedded in a nucleosome 

showed over ten-fold tighter binding of the motif-containing nucleosome compared to 601 alone (Figure 4.25b). 

Hence, nucleosomes appear to restrict non-specific TF binding, which is likely part of their function in vivo.  
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Figure 4.25. a, Fluorescence polarization measurements with 153bp 601 DNA with (SHL-6) and without (601 only) an 
OCT4-SOX2 motif. b, as in (a) but with SHL-6 and 601 DNA assembled on a nucleosome.  

 

Finally, to further validate the POUS domain-only engagement of OCT4 observed in the structure, we 

attempted FP assays with relevant truncations and mutants. As the POUS domain-only construct of OCT4 only 

gave rise to insoluble protein, we employed constructs bearing POUHD mutations either in the isolated OCT4 

DNA binding domain (DBD, residues 134-290) or the full-length protein as proxies for a POUS-only construct. 

Guided by the published structure of the OCT4 POUS and POUHD domains complexed to an isolated DNA 

duplex346 and the high-resolution crystal structure of OCT1-SOX2 on naked DNA347, mutations in the POUHD 

DNA binding fold that make direct contacts with DNA (V277A, N280A) were introduced to reduce DNA 

binding affinity (VN/AA mutant).  

On free DNA, this mutant exhibited a circa eight-fold decrease in binding affinity in the DBD context 

(Figure 4.26a), and three-fold lower binding in the context of the full-length protein (Figure 4.26b). Upon 

nucleosome counter titration, we observed biphasic binding behaviour in the case of the DBD mutant (Figure 

4.26c), yet both in the DBD and in the full-length context we could conclude that the mutant shows only a mild 

binding impairment (Figure 4.26c, d). As TF binding on a nucleosome could not be saturated, the cited affinity 

differences should be viewed as a rough approximation. We therefore conclude that the OCT4 POUHD domain 

plays an important role in isolated duplex free-DNA binding, but perhaps less so at the single nucleosomal 

position we tested (SHL-6 motif location). This further supports the partial motif model describe in the study.  

 

 

 



 153 

 
Figure 4.26. a, OCT4 POUHD domain mutant VN-AA shows a lower affinity to free DNA. Fluorescence polarization assay 
using a Flc-labelled 21-mer oligonucleotide containing the OCT4-SOX2 canonical motif was titrated with increasing 
amounts of the OCT4 DNA binding domain (aa 134-290) with the wild-type protein or a POUHD mutant (V277A, N280A). 
Kd(app) = apparent dissociation constant. b, As in (a) but using a full-length OCT4 and OCT4 mutant construct. c, 
Countertitration with NCP. d, as in (c) but using full-length OCT4 and OCT4 mutant construct.   

 

4.2.2.5 The OCT4-SOX2 partial motif is sufficient for chromatin opening in cells  

Finally, by re-analysing published ChIP-seq datasets348,349, we show that the partial OCT4 motif, together with 

the SOX2 site, is sufficient to drive genomic binding (Figure 4.27a, b). Through ATAC-seq experiments, we 

also provide evidence that a partial motif is sufficient to allow chromatin opening in cells, indicating the in vivo 

relevance of OCT4 POUS-driven binding together with SOX2 (Figure 4.27c). 

 

 
Figure 4.27. The HMG-POUS partial motif is bound in vivo and opens chromatin. (A) Fraction of the top thousand 
motifs, ranked by match to the position weight motif, that are bound by Oct4 (2-fold ChIP-seq enrichment). Mean and 
individual values from two separate datasets are shown348,349. Significant enrichment is detected for full and partial motifs 
compared with loci without a motif (lowest 1000 genomic matches to the Oct4-Sox2 motif). **P < 0.01; ****P < 0.0001. 
(Pearson's chi-square test, indicated for dataset with least significance). (B) Schematic representation of targeted motif 
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insertion and Oct4 ChIP-qPCR enrichment at the ectopic insertion locus and endogenous control (Cont.) locus. *P < 0.05; 
error bars indicate SEM of at least two biological replicates. (C) Representative genomic region (chr9: 115723244 to 
115725243) that shows binding of Oct4 to a partial HMG-POUS motif (top) and Oct4-dependent chromatin accessibility 
(bottom). Expr., Oct4-expressing cells; KD, Oct4-knockdown cells. Reproduced from 342. I have not contributed to these 
results. 

 

Overall, our study provides structural and mechanistic insights into how the pluripotency factors OCT4 

and SOX2 engage their cognate motifs in the context of a nucleosome. Two cryo-EM TF-NCP structures reveal 

that the factors can be accommodated at different motif registers with a varying extent of DNA distortions, and 

that OCT4 only engages a partial motif at the studied sites. We further systematically analyse the motif position-

dependence of TF-nucleosome interactions and validate our findings in cells, establishing how transcription 

factors can read out chromatinised motifs.  

 

4.2.3 Structural mechanism of cGAS inhibition by the nucleosome 

This section features a short summary of a published manuscript under the same title, including a more detailed 

description of the experiments that were my contribution to this work (subsections 4.2.3.3 and 4.2.3.4, including 

unpublished data). Specifically, my contribution spanned the design, optimisation, and execution of FP 

experiments for the investigation of the cGAS-nucleosome and cGAS-dsDNA binding affinities. The data 

presented in Figure 4.33 was obtained by Alexiane Decout (Ablasser laboratory, EPFL) and some experiments 

in Figure 4.34 were performed by a Master student at the time, Joscha Weiss. The methods pertaining to my 

contributions to this work are described in section 6.4.3, whereas the complete methodology for the study can 

be found in the published manuscript (Appendix). 

 

4.2.3.1 Introduction 

cGAS is a DNA sensor that triggers the innate immune response upon detection of foreign DNA, e.g. resulting 

from microbial infection350. Upon activation by dsDNA, cytosolic cGAS synthesises the second messenger 

2’3’-cyclic GMP-AMP (cGAMP), which induces a pro-inflammatory response via the STING protein, leading 

to inflammatory cytokine and type I interferon (IFN) induction351–356. cGAS is also present in the nucleus where 

it tightly binds to chromatin357–359. Yet, nuclear cGAS is inactive and was postulated to be rendered such by 

chromatinised DNA through an incompletely understood mechanism360,361. In this work, we investigated the 

mechanism of cGAS inhibition by chromatin binding through structural studies. 

 

4.2.3.2 Cryo-EM studies of cGAS-NCP complexes 

For cryo-EM studies of cGAS-nucleosome complexes, WT or K394E mutant cGAS was mixed with a 147 bp 

601 DNA341 nucleosome core particle (NCP) and subjected to gradient centrifugation with chemical 

crosslinking (GraFix)362.  For the cGAS K394E mutant, we obtained a 4.1 Å reconstruction revealing two NCPs 

organised in a NCP1-cGAS1-cGAS2-NCP2 sandwich arrangement, with one cGAS-NCP pair (designated as 
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NCP1-cGAS1) considerably better resolved. In this 2:2 complex, each cGAS molecule interacts with the histone 

octamer of one NCP through H2A and H2B and with the nucleosomal DNA, while contacting the second 

nucleosome (e.g. cGAS1 and NCP2) primarily through interactions with its nucleosomal DNA (Figure 4.28a, 

b; Figure 4.29a). A WT cGAS structure was solved at 5.1 Å, yielding the same overall arrangement. Given the 

structural similarity, the higher resolution cGAS K394E mutant was used for subsequent analysis.   

 

 
Figure 4.28. a, 3D reconstruction of the complex containing two cGAS molecules, cGAS1 (red) and cGAS2 (orange), and 
two nucleosomal core particles, NCP1 and NCP2, respectively. b, c, Ribbon diagrams of the NCP1–cGAS1–cGAS2–NCP2 
complex (b) and the cGAS1–NCP1 complex (c) fit into corresponding electron-density maps. The two lobes of cGAS, N-
lobe and C-lobe, are shown in pink and red, respectively. Adapted from 363. I have not contributed to these results. 
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Figure 4.29. a, Magnified view of the cGAS1(K394E)–NCP1 complex bipartite interactions, cGAS–histone interactions 
(left) and cGAS–nucleosomal DNA interactions (right). b, EMSA gel showing the interaction of nucleosomes (40 ng/μl) 
with a concentration gradient of WT, R255A cGAS and R236A cGAS (from 50 to 6 ng/μl; 1:2 step dilutions); the black 
arrowheads indicate higher-order cGAS–NCP complexes. c, In vitro cGAMP synthesis of WT cGAS, R255A cGAS and 
R236A cGAS with or without a concentration gradient of chromatin (from 5 to 0.3125 nM; 1:2 step dilutions) normalised 
by cGAMP levels in the absence of chromatin for each mutant. d, EMSA gel showing the interaction of nucleosomes 
(40 ng/μl) with increasing concentrations of WT or K350A/L354A cGAS (from 100 to 12 ng/μl; 1:2 step dilution). e, In 
vitro cGAMP synthesis of WT and K350A/L354A hcGAS with or without chromatin (5 nM) normalised by cGAMP levels 
in the absence of chromatin for each individual mutant. Data are representative for three independent experiments showing 
similar results (b, d) or mean ± s.d. of n = 3 independent experiments (c, e). One-way analysis of variance (ANOVA) with 
post-hoc Dunnett multiple comparison test; **P = 0.0092, *P = 0.092 (WT) and *P = 0.0311 (R236A) (c) and two-tailed 
Student’s t-test; *P = 0.0192 (e). The data points are from independent experiments. f, Overview of active hcGAS–DNA 
2:2 complex with two distinct dsDNA-binding surfaces (A-site and B-site)364 (Protein Data Bank (PDB) ID: 4LEY). g, 
Superposition of the hcGAS–dsDNA (f) and cGAS1–NCP1 complexes illustrating the incompatibility of DNA ligand 
binding (dsDNA1 in yellow) to cGAS in the nucleosome-bound configuration. h, Model based on superpositioning of the 
cGAS1–NCP1 complex onto DNA-bound cGAS oligomers as previously defined365 (PDB: 5N6I). Reproduced from 363. I 
have not contributed to these results. 
 

Through focused refinement, the structure of one molecule of cGAS1 bound to NCP1 at 3.1 Å resolution 

was also determined, revealing more details of the interface. We saw extensive cGAS-NCP interactions 

mediated predominantly by the binding of three loops located in the N-lobe of cGAS to the acidic patch of H2A-

H2B. Mutation of two key residues (R236A and R255A) that interact with the acidic patch fully abrogated 
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cGAS-nucleosome binding (Figure 4.29b). We also showed that these cGAS mutants (R255A and R236A) 

were no longer inhibited by chromatin in an in vitro enzymatic assay (Figure 4.29c).  

The cGAS1 molecule also binds to a second nucleosome (NCP2), predominantly through backbone 

contacts of conserved cGAS1 residues E287, K299-R302, and K427 with the nucleosomal DNA (Figure 4.30a, 

b). The two NCPs are held ~20 Å apart with the DNA entry/exit sites of the two nucleosomes pointing roughly 

~90° away (Figure 4.30a). EMSA revealed that while mutation of the NCP2 interacting motifs on cGAS (K285, 

R300 and K427) still allowed for cGAS interaction with nucleosomes, it prevented the formation of any larger 

cGAS/NCP assemblies (Figure 4.30c), indicating that the secondary cGAS1/NCP2 interface critically 

contributes to the formation of higher-order complexes (as modelled in Figure 4.29f-h). 

 

 
Figure 4.30. a, b, The NCP1–cGAS1–cGAS2–NCP2 di-nucleosomal arrangement is shown. A magnified view detailing 
the interactions between the N-lobe of cGAS1 (pink), the C-lobe of cGAS1 (red) and the nucleosomal DNA of NCP2 
(grey) (b, bottom) is also displayed. c, EMSA gel showing the interaction of nucleosomes with increasing concentrations 
of WT or K285A/R300A/K427A cGAS (100 to 12 ng μl−1; 1:2 step dilution). The arrowheads highlight free nucleosomes 
(dark grey), complexed nucleosomes (black) and a putative 1:1 cGAS:NCP assembly (light grey). The experiment shown 
in c was independently repeated three times with similar results. Reproduced from 363. I have not contributed to these 
results. 
 

The minimal enzymatically active unit of cGAS is a 2:2 cGAS:DNA complex365–367 (Figure 4.29f). The 

cGAS inactivation effected through nucleosome binding is therefore threefold. Firstly, due to steric hindrance 

from both the nucleosomal DNA and H2A-H2B, cGAS cannot engage dsDNA. Secondly, the key cGAS 
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residues essential for DNA binding and dimerization are unavailable due to nucleosome interactions. Finally, 

cGAS is effectively locked in a monomeric state as both histones and nucleosomal DNA sterically block its 

dimerization, an essential requirement for cGAS enzymatic activity364,365,367. 

 

4.2.3.3 Fluorescence polarisation studies to dissect the NCP linker contribution to cGAS binding 
To study the underlying affinities of cGAS-DNA and cGAS-NCP interactions we aimed to establish an FP 

assay. We utilised a Flc-labelled dsDNA tracer (5ʹ-Flc-GACCTTTGTTATGCAACCTAA-3ʹ) and first 

measured the tracer-cGAS interaction in a forward titration and observed a nanomolar binding affinity (Figure 

4.31a). In a counter titration with an unlabelled oligonucleotide (Figure 4.31b) we saw clear displacement of 

the tracer and complete signal reduction, indicating a robust assay window for further experiments.    

 
Figure 4.31. Establishment of the FP assay for cGAS. a, Forward titration of cGAS into a Flc-labelled tracer. b, 
Countertitration with an unlabelled version of the tracer reduces the FP signal to baseline. (a,b) Data represent mean ± s.d. 
of n = 3 technical replicates.  

 

We then employed FP counter titrations to dissect the contributions of nucleosomal DNA versus linker 

DNA to cGAS binding and activation. These assays revealed that cGAS binds tighter to nucleosomes with long 

overhangs than to those without or with only short overhangs (Figure 4.32a, b). Through competitive titrations 

of a preassembled cGAS-tracer complex with various dsDNA competitors (21 bp, 147 bp, 167 bp, 227 bp), we 

showed that cGAS has a higher apparent affinity to longer dsDNA, likely due to the presence of more cGAS 

binding sites on longer substrates (Figure 4.32a). Counter titrations with nucleosomes with various linker 

lengths (NCP-147 with no linker, NCP-167 with a 20 bp linker, NCP-227 with an 80 bp linker) demonstrated 

that although NCP-147 is already tightly bound with an IC50 of 17 nM, the presence of longer linker DNA 

further increases the overall binding affinity of cGAS to an IC50 of 2.5 nM for NCP-227 (Figure 4.32b). We 

hypothesise that nucleosomes with overhangs, under condition where there is a large excess of nucleosome over 

short dsDNA fluorescent probe (present at 10 nM), have additional cGAS binding sites on the linker DNA and 

are thus better competitors. When used in stoichiometric ratios, however, the nucleosome overhangs do not 

trigger activation of WT cGAS and nucleosome-mediated inhibition of activity prevails. Accordingly, we expect 

that in a cellular context, the large excess of nucleosomes over cGAS results in sustained cGAS inhibition. 
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Figure 4.32. a, Fluorescein (Flc)-labelled 21 bp dsDNA tracer (10 nM) was mixed with cGAS protein (300 nM) and 
counter-titrated with unlabelled DNA.  b, Fluorescein (Flc)-labelled 21 bp dsDNA tracer (10 nM) was mixed with cGAS 
protein (300 nM) and counter-titrated with unlabelled nucleosomes. (a,b) All replicates are explicitly shown. Adapted from 
363. 

To corroborate the FP results, we assessed the catalytic activity of cGAS (WT) and cGAS acidic patch 

mutants, R236A and R255A, on nucleosomes with and without an 80bp dsDNA overhang. Whereas cGAS 

(WT) and cGAS mutants robustly synthesised cGAMP on naked dsDNA, they remained inactive in the presence 

of nucleosomes lacking a DNA overhang (Figure 4.33). Nucleosomal DNA is thus not a good substrate for 

cGAS activation. Nucleosomes carrying 80bp long linker DNA still failed to activate WT cGAS, but elicited 

activation of both cGAS R236A and R255A (Figure 4.33). WT cGAS is therefore typically not activated by 

nucleosomal or linker DNA but instead preferentially inhibited by binding to NCPs.   

 

 
Figure 4.33.  In vitro cGAMP synthesis of WT, R255A and R236A hcGAS (all 200 nM) with a concentration gradient of 
147bp dsDNA or nucleosome (no DNA overhang) (left) or 227bp dsDNA or nucleosomes (80bp dsDNA overhang) (right) 
(from 200 nM to 50 nM; 1:2 step dilutions) normalised to cGAMP levels for 200 nM dsDNA for each individual mutant. 
Mean ± s.d. of n = 3 independent experiments is shown. Adapted from 363. I have not contributed to these results. 
 

4.2.3.4 Fluorescence polarisation studies to elucidate the role of a zinc finger motif  

We further investigated whether, akin to the cGAS dimer interaction with foreign DNA, its interaction with the 

nucleosome requires the zinc finger motif. The structure of WT cGAS with the nucleosome revealed clear 

density around in the K394 residue, with the lysine sidechain approaching nucleosomal DNA from NCP1, and 

likely contributing to phosphate backbone interactions. Thus, the zinc finger motif, along with the K394-

containing loop, could offer an additional nucleic acid binding site also in the context of chromatin. However, 

in our biochemical reconstitutions, we clearly observe cGAS-NCP complex formation both with the WT protein 

and with the K394E mutant, as evidenced by the structures obtained with both variants. Based on these more 

qualitative experiments, the K394-DNA interaction seems dispensable for cGAS binding to nucleosomes.  
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To dissect the contribution of K394 to cGAS-NCP complex formation more directly and to examine 

the role of zinc coordination, we performed additional fluorescence polarisation measurements (Figure 4.34a-

c). We found that cGAS (K394E) binds dsDNA with an apparent affinity similar to that of WT cGAS pre-

treated with EDTA to remove the zinc ion from the zinc-coordinating loop (Figure 4.34a, b). When WT cGAS, 

or WT EDTA-treated cGAS, were counter titrated with 147bp dsDNA, we found that zinc ion removal led to a 

an over two-fold drop in IC50 relative to zinc-containing cGAS. A similar behaviour was observed for a 

nucleosomal substrate, which was bound by WT cGAS circa two-fold stronger than EDTA-treated cGAS 

(Figure 4.34c). We thus conclude that the zinc-coordination contributes to nucleosomal DNA binding in WT 

cGAS, although it is not essential. Zinc coordination plays a minor role in nucleic acid binding in the 

nucleosome-bound inhibited form of cGAS. 

 

 
Figure 4.34 a, Forward titration experiments using 10 nM Flc-labelled probe in the presence of increasing amounts of 
either WT cGAS or cGAS pre-treated with 0.1-5 mM EDTA as indicated. b, Forward titration as in a but with cGAS 
K394E, either pre-treated with 0.1 mM EDTA or not. c, Fluorescein (Flc)-labelled 21 bp dsDNA tracer (10 nM) was mixed 
with cGAS protein (300 nM) pre-treated with EDTA and counter-titrated with unlabelled dsDNA or nucleosome The data 
include two technical replicates and all data points are explicitly shown. Affinities are indicated as IC50 values. For (a) 
and (b), all data include three technical replicates and are shown as mean ± s.d. Affinities are indicated as apparent 
Kd (Kapp) values. In (c) all replicates are explicitly shown. Adapted from 363. 
 

4.2.3.5 Disruption of the cGAS-NCP interaction triggers immune activation in cells 

Finally, we probed the interplay between nucleosome binding and cGAS inhibition in cells, focussing on the 

two key in vitro interfaces for cGAS-nucleosome binding, namely residues contacting the acidic patch (R236 

and R255; Figure 4.35a-c) and those involving in binding the nucleosomal DNA in cis (K350/L354). We found 

that the corresponding alanine mutants were defective in nuclear tethering when expressed in cGAS KO HeLa 

cells (Figure 4.35d). Using fluorescence recovery after photobleaching (FRAP), we observed differential 
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intranuclear mobility across the mutants, with the degree of dissociation correlating with the cGAMP production 

level (Figure 4.35e, f).  

 We also explored whether expression of the two most consequential cGAS mutants (R236A and R255A) 

stimulates a type I IFN response. We observed that the expression of cGAS mutants in HeLa cells induced 

strong upregulation of interferon-stimulated genes and WT cGAS had no such effect (Figure 4.35g). Hence, 

disrupting the interaction of cGAS with the acidic patch of nucleosomes is sufficient to trigger innate immune 

activation.  

Overall, this study provides an explanation for why nuclear cGAS is not constitutively activated despite 

its strong binding to chromatin, aiding the understanding of the recognition of self vs non-self DNA by this 

sensor. It reveals the structural basis of cGAS inhibition by nucleosomes, with the NCP rendering cGAS unable 

to bind dsDNA and locking it in a catalytically inactive monomeric state. Therefore, cGAS does not recognise 

foreign dsDNA through any pathogen-specific features but rather it is relying on the suppressive activity of 

chromatin binding to avoid aberrant activation by genomic DNA. Accordingly, this work demonstrates that 

mutations on the cGAS-acidic patch interface that abolish cGAS-NCP interactions are sufficient to abrogate the 

inhibitory effect of nucleosomes in vitro and to unbridle cGAS activity on genomic DNA in cells.  
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Figure 4.35. a, b, Electrostatic surface representation of the NCP disc surface alone (a) or with cGAS (pink ribbon) (b). 
The electrostatic potential is shown from red (−7) to blue (+7) k T/e. c, A magnified view of contacts between cGAS and 
the acidic patch of the nucleosome. d, Differential nuclear salt fractionation probed for cGAS and H2B by immunoblot 
from HeLa cGAS KO cells reconstituted with doxycycline-inducible WT cGAS or cGAS mutants after 2 days of 
doxycycline treatment. The experiments in (d) were independently repeated at least three times with similar results. e, 
HeLa cGAS KO cells were transfected with WT cGAS–GFP or mutant cGAS–GFP and the immobile fraction of nuclear-
localised cGAS was assessed by FRAP. Data are mean ± s.d. of n = 3 (left) and n = 4 (right) independent experiments. 
One-way ANOVA with post-hoc Dunnett multiple comparison test (left) or two-tailed Student’s t-test (right). f, cGAMP 
production from HeLa cGAS KO cells reconstituted with doxycycline-inducible WT cGAS or cGAS mutants after 2 days 
of doxycycline treatment. Data are mean ± s.d. of n = 4 (left) and n = 5 (right) independent experiments. One-way ANOVA 
with post-hoc Dunnett multiple comparison test (left) or two-tailed Student’s t-test (right). g, HeLa cGAS KO cells 
reconstituted with doxycycline (Dox)-inducible WT cGAS or cGAS mutants and treated with doxycycline for 24 h were 
co-cultured with BJ fibroblasts for 24 h. Cells were lysed and mRNA levels of IFI44 (left) and IFIT2 (right) were assessed 
as indicated. Data are presented as fold induction relative to cells without doxycycline and shown are the mean ± s.d. 
of n = 4 independent experiments. Two-way ANOVA with post-hoc Tukey multiple comparison test; NS, not significant. 
Individual data points are from biological replicates. Reproduced from 363. I have not contributed to these results. 
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Chapter 5 : Discussion and perspectives  

5.1     Cyclin K degraders 
Following the elucidation of the mechanism of action of IMiDs and aryl sulphonamides, many other 

compounds, including prevalent kinase inhibitor drugs279,368, have been suspected to have a degradation 

component to their mode of action. However, a clear molecular link between kinase inhibitors and the 

degradation machinery has remained elusive279,368. The work presented herein identified CR8, a preclinical CDK 

inhibitor, as a degrader of cyclin K (section 2.1)294. CR8 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 (Figure 2.8)294. CDK12 is not a constitutive E3 ligase component, but instead serves as 

a unique drug-induced substrate receptor, linking DDB1 to the ubiquitination target and bypassing the 

requirement for a canonical DCAF substrate receptor. Importantly, the DDB1-CDK12 interface is large (~2100 

Å2) and highly complementary, with a basal affinity of 50 µM measured between DDB1 and CDK12-cyclin K. 

Hence, CR8 does not de facto induce novel protein-protein interactions, but rather facilitates an existing low-

affinity interaction and strengthens complex formation by ~1000-fold. Notably, no biological role is known for 

the kinase-DDB1 interaction. 

 Another effort to find molecular glue degraders through comparing compound toxicity between 

hyponeddylated and wildtype cells yielded three additional cyclin K degraders, dCeMM2-4 (section 2.2)285. 

Soon afterwards, a phenotype-based screen for Nrf2 inhibitors serendipitously uncovered another small-

molecular degrader of cyclin K, HQ461291. Later in 2021, a patent application from Bayer was disclosed, which 

encompassed a large derivative series of cyclin K/CDK12 degraders (similar in structure to CR8), although with 

no description of their mechanism of action305. While their mode of action has not been validated through in 

vitro reconstitutions in the original publications, our work confirmed that both HQ461 and several patent-

derived compounds operate via a mechanism analogous to CR8 (Chapter 3).  

These examples of cyclin K degraders show remarkable chemical diversity, more so than any other 

class of molecular glues (c.f. Table 1.1). The further work reported herein evaluated almost 100 compounds 

and additionally identified multiple novel scaffolds that function as cyclin K degraders, including among 

published kinase inhibitors, and carefully surveyed the SAR of this novel molecular glue degrader class 

(Chapter 3 and Supplementary Table S3.1). Crystallographic studies of 29 compound-induced ternary 

complexes revealed that despite considerable chemical diversity, the overall DDB1-CDK12-cyclin K complex 

architecture is largely preserved. The small molecules all contact the DDB1 Arg928, predominantly through 

π-cation interactions but also via hydrogen bonding and hydrophobic contacts, with many possible gluing 

moieties effectively fostering CDK12-DDB1 interactions. The molecular glue compound therefore provides 

critical binding energy by filling the kinase pocket and bridging over to engage DDB1 residues, tightening this 

entropy-driven (as determined by ITC, Figure 2.10) DDB1-CDK12 interaction over 1000-fold. This, together 
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with the fact that many distinct scaffolds can engage the kinase pocket and wide spectrum of gluing moieties 

can effectively bridge this interface, offers a rationale for the unusually broad chemical diversity observed.  

 While many cyclin K degraders are in fact pleiotropic kinase inhibitors, we did not observe the 

depletion of other cyclin or kinase targets beyond CDK12/13-cyclin K in this work. Hence, the specificity for 

the DDB1-CDK12/13 pairing appears to be primed not by the compound, but predominantly by the 

complementary protein-protein interface (~2100 Å2), which is further underscored by the micromolar binding 

affinity measured in the absence of a small molecule294. Yet, additional compound-mediated interactions are 

required - not for specificity, but for sufficient stabilisation of the ternary complex for robust cyclin K 

ubiquitination and degradation. Nonetheless, it remains to be determined if these compounds will be 

reprogrammable, redirecting DDB1 recruitment within the CDK family, the kinase superfamily, or beyond. 

 Notably, three additional cyclin K degraders have been reported concomitantly with this work (Table 

5.1). In late 2021, the compound NCT02 (Table 5.1) was identified in a screening for inhibitory compounds of 

colorectal cancer spheroids290. The CDK12-cyclin K complex was identified as the target through a combination 

of thermal proteome profiling, proteomics, and pathway analysis of transcriptomics data290. Neddylation 

inhibition and DDB1 knockout both inhibited cyclin K degradation upon NCT02 treatment, suggesting that 

NCT02 has a CR8-like mode of action290. Most recently, in 2022, two CR8-like cyclin K degraders were 

reported by laboratories working on novel CDK inhibitor scaffolds (Table 5.1)296,369. “Compound 30d” is a 2, 

6, 9-trisubstituted purine inhibitor differing from CR8 only in the identity of substituents296. The study showed 

cyclin K depletion upon compound treatment, assessed the relevant SAR, and queried the kinase inhibitory 

selectivity of these dual inhibitor/degrader small molecules296. “Compound 24” is a new 3, 5, 7-trisubtituted 

pyrazolo[4, 3-d]pyrimidine derivative369. A crystal structure of this compound with CDK2-cyclin A2 was 

solved, and both potent pan-CDK inhibition and cyclin K degradation were demonstrated.   

 
Table 5.1. Additional cyclin K degraders published alongside this work.  

Name Structure Reference 
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5.2     Therapeutic utility of cyclin K degraders 
CDK12-cyclin K are emerging therapeutic targets in breast cancer183,196,234,242,247, ovarian cancer201,205, Ewing 

sarcoma210,223, hepatocellular carcinoma254, anaplastic thyroid carcinoma203,252, colorectal cancer290, Myc-

dependent tumours201,241, myotonic dystrophy212, and beyond249,250. While several CDK12/13 inhibitors have 

been developed in recent years, most remain multi- or pan-selective232. Here, small molecule-induced kinase 

inactivation that leverages specific protein-protein interactions offers a path towards improved drug selectivity. 

Therefore, molecular glue degraders of cyclin K are next-generation CDK12-cyclin K targeting compounds that 

are likely to be of high therapeutic utility. While the degrader mode of action of these compounds inherently 

gives rise to selectivity superior to traditional inhibitors, our work demonstrates that specificity constraints can 

be further dialled in by additional ligand interactions with compound-proximal residues unique to CDK12/13. 

The work on CR8 provided a structural dissection of how a kinase inhibitor scaffold acquires gain-of-

function molecular glue degrader properties leading to robust kinase inactivation294. The compound therefore 

has a unique dual kinase inhibitor/molecular glue degrader mode of action (Figure 5.1) – CR8 can bind to 

multiple CDKs and yet only binding to CDK12-cyclin K, although low-affinity itself (Kd = 5 µM by ITC), will 

generate a suitable interface for DDB1 recruitment, leading to high-affinity ternary complex formation (Kd < 50 

nM by ITC). This in turn causes cyclin K ubiquitination and its subsequent degradation by the proteasome. 

Compound derivatisation shows that the inhibitory versus degradative modes of action can be present in variable 

proportions and these properties of the molecular glue degrader compound can be tuned with chemical 

modifications. Notably, the broad chemical diversity can also enable the design of cyclin K degraders that differ 

substantially from traditional kinase inhibitors, such as de facto interface stabiliser drugs that show no 

independent kinase binding that can be developed from scaffolds such as HQ461, Z7, or Z11 (Chapter 3).  

 

 
Figure 5.1 CR8 has a dual kinase inhibitor/molecular glue degrader mode of action.  

 

Notably, a CDK12/13 inhibitor with high family selectivity, SR-4835, was retrospectively identified to 

be a potent molecular glue degrader of cyclin K (both through the work presented herein – see Chapter 3 – and 

in a recently published report290). Hence, the published studies of SR-4835 in mouse xenograft models of TNBC 

represent a preclinical proof of concept for cyclin K degraders in TNBC, both as single agents and in synergistic 

combinations with chemotherapeutics or PARP inhibitors242.  
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Importantly, as the transcriptional profiles of cyclin K degraders differ from those of CDK12 PROTAC 

degraders or CDK12 inhibitors, cyclin K degraders offer unique therapeutic opportunities. Further work, 

including the dissection of any biological roles of cyclin K independent of CDK12/13, will be required to 

ascertain under which circumstances cyclin K degradation could give rise to distinct clinical benefits beyond 

selective CDK12/13-cyclin K inactivation.  

 

5.3     Glue-induced interfaces 
Molecular glue degrader compounds (Figure 5.2) leverage both protein-ligand and protein-protein interfaces to 

achieve tight complex formation, which is conducive to robust target ubiquitination and degradation. These 

molecular glue degrader drugs are small (<500 Da), with ligand/neosubstrate interfaces as compact as ~70 Å2 

supplemented by more extensive protein-protein contacts (Table 5.2). Notably, the size of the protein-protein 

interface is not necessarily directly proportional to the affinity of the two the proteins without the molecular 

glue (Table 5.2), as the neomorphic interface can comprise attractive as well as repulsive regions. 

The learnings from the cyclin K degrader class indicate that the absolute size of the protein-protein 

interface, as well as the relative contribution of the small molecule to the interface determines both the SAR 

and the neosubstrate specificity behaviour for the molecular glue. For IMiDs and CRBN, the small protein-

protein interface (~350-700 Å2) to which the compound contributes ca. 40 % finds the ligand driving both 

specificity and affinity with tightly defined SAR (Table 5.2, Figure 5.2b) 293,297,298. In contrast, for DDB1-

CDK12-cyclin K, where the large (~2100 Å2) protein-protein interface with a compound contribution of ca. 20 

% (Figure 5.2d) allows for much greater variability in protein-ligand interactions, yielding a relatively flat SAR 

but limiting the compound’s contribution to neosubstrate specificity293.  

The complementary nature of these protein-protein interfaces suggests that the ligase and neosubstrate 

are likely to also interact with considerable affinity in the absence of a small molecule. Yet, the original 

publications evaluated the binding of these protein-protein pairs to find no detectable affinity between CRBN 

and CK1⍺ or ZFs in the absence of an IMiD44, low affinity (~5 µM)42 or no detectable affinity137,142 for DCAF15 

binding to RBM39, and mid-micromolar affinity (~50 µM) for DDB1 binding to CDK12-cyclin K294.  

Notably, a study published in 2022 by the Zheng laboratory revisited these measurements for multiple 

glue examples using biolayer interferometry (BLI) and Alphascreen323. This work, focussed on establishing the 

thermodynamic signature of molecular glue degrader action, found that DDB1-CRBN and IKZF1 interact with 

a dissociation constant of 223 nM in the absence of an IMiD (shifting to Kd = 53 nM with pomalidomide), while 

DDB1-CRBN and CK1⍺ bind with a low micromolar affinity (Kd = 2.3 µM in the absence of the compound) 

and a Kd of 75 nM with pomalidomide. The reported differences in affinity in the presence and absence of an 

IMiD are remarkably small and it is unclear where the discrepancies in the biophysical measurements between 

this work and the original studies stem from. Cao et al. further turned to the auxin system (Figure 5.2a) and 

examined the interaction between TIR1 and IAA7 to reveal that TIR1-IAA7 have intrinsic micromolar affinity 

(Kd = 19 µM), which in the presence of auxin affords a ternary complex with a 30 nM dissociation constant. 
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The authors ascribe such binding behaviour in the absence of the compound as a hallmark of molecular glue 

degrader activity323. This is in agreement with our ITC measurements for CR8, whereby a low affinity “basal”, 

compound-independent binding was strengthened over 1000-fold by the molecular glue degrader294. 

Lastly, the IMiDs have been described to exhibit an apparent affinity threshold, whereby few-fold lower 

ternary complex affinities translate to no cellular degradation113. The initial report of CR8 and the related 

inhibitors such as roscovitine and flavopiridol promoting DDB1-CDK12-cyclin K interactions yet only CR8 

leading to degradation suggested that a similar, almost binary threshold exists for cyclin K degraders294. The 

thorough optimisation of the TR-FRET assay employed to accurately assess in vitro binding (Figure 4.16), as 

well as the SAR study spanning almost 100 compounds (Chapter 3), allowed us to fine-tune the description of 

this relationship. The evaluation of this large compound set confirmed that small differences in in vitro ternary 

complex affinity translate to larger disparities in cellular degradation, with a Hill-like equation best describing 

the relationship between TR-FRET EC50 values and cyclin K reporter degradation DC50 values (Figure 3.13c, 

Figure 3.12c). Although the origins of this behaviour are not clear, it is conceivable that small differences in 

ternary complex affinity in vitro are amplified in vivo as well as across the different stages of neosubstrate 

processing by the UPS.  

 

5.4     Degrader themes 
Molecular glue degraders can be categorised based on their affinity to the two protein partners. IMiD-like ligase-

binding glues are advantageous for targeting traditionally undruggable proteins such as ZF TFs, as a ligandable 

pocket on the target is not strictly required for ternary complex formation (Figure 5.2b). Glues that bind on the 

side of the target, such as the cyclin K degrader CR8 (Figure 5.2d), offer the possibility to recruit a ligase that 

by itself would not be considered ligandable, as is the case for DDB1. Moreover, such target-based degraders 

can have dual inhibitor/degrader properties potentiating the desired pharmacological response. Glues that bind 

neither the ligase nor the target with high affinity, such as aryl sulphonamides (Figure 5.2c), could efficiently 

bring together two seemingly non-ligandable partners. Notably, glues that act solely through interface 

stabilisation – akin to some low molecular weight cyclin K degraders described herein (Chapter 3) – could 

show selectivity profiles that are superior to inhibitor-derived degraders. However, high protein-protein 

interface complementarity is required for stable complex formation and robust ubiquitination in this case. 

Finally, PROTACs (Figure 5.2e, f) tightly bind both protein partners, which gives rise to the Hook effect but 

also renders the compounds strongly (albeit not exclusively) dependent on compound-mediated recruitment. 

This makes the warheads to some extent exchangeable for binders of other targets and ligases but also implies 

that PROTACs require two independently ligandable pockets. It will be important to see if, by structure-based 

design leveraging cooperative interactions within the ternary complex, such bifunctional molecules could be 

converted into molecular glue-type compounds that no longer independently engage either protein.  

Conceptually, the recent examples of cyclin K degraders demonstrates that 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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Cyclin K is the primary ubiquitination target, and while CDK12 could become subject to autoubiquitination 

upon prolonged compound exposure similar to canonical DCAFs38,106, data show that the observed 

destabilisation of CDK12 is most likely due to cyclin deprivation291. Thus, it is the overall geometry of the 

target-ligase complex that governs which components can be efficiently ubiquitinated and degraded. These 

spatial considerations are also likely at play for PROTACs, as compounds targeting the SMARCA2/4 subunits 

of the SWI/SNF complex have been shown to only directly degrade their target370, while heterobifunctionals 

binding the EED component of PRC2 have been reported to additionally target other subunits for degradation371.    
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Figure 5.2. Overview of degrader-induced interfaces.  a, SKP1-TIR1-auxin-IAA7 complex (PDB 2P1Q) 85. b, DDB1-
CRBN-pomalidomide-SALL4ZF2 complex (PDB 6UML)115. The Cɑ of G416 in the β-hairpin loop of SALL4ZF2 is shown 
as a sphere. c, DDB1-DDA1-DCAF15-E7820-RBM39 complex (PDB 6PAI)42. d, DDB1-CR8-CDK12-cyclin K complex 
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(PDB 6TD3)294. e, EloB/C-VHL-MZ1-BRD4BD2 complex (PDB 5T35)90. f, DDB1-CRBN-dBET23-BRD4BD1 complex 
(PDB 6BN7)102. Bottom panel: overlay of dBET23 and dBET57-induced conformations of BRD4BD1 (PDB 6BNB) aligned 
on CRBN thalidomide-binding domain (TBD). a-f, Important interface residues are shown as sticks. Key interactions are 
marked with a dashed yellow line. (c,f), The BPB domain of DDB1 was omitted for clarity.   

 
Table 5.2. Comparison of structurally characterised drug-induced protein-protein interfaces for small-molecular degraders. 
Interface areas were calculated with PISA372. For indisulam and E7820, average values from the two available structures 
are shown. For cyclin K degraders, only four representative examples are shown.  

Compound Ligase Target PDB 

Protein-

protein 

interface 

[%] 

Ligase-

ligand 

interface 

[%] 

Target-

ligand 

interface 

[%] 

Total 

interface 

area [A2] 

Auxin SKP1TIR1 
IAA7 

peptide 
2P1Q85 71 22 7 926 

Lenalidomide CRL4CRBN CK1ɑ F5QD44 68 23 9 1052 

Pomalidomide CRL4CRBN 
SALL4 

(ZF2) 
6UML115 52 35 13 681 

CC-885 CRL4CRBN GSPT1 5HXB112 52 28 20 1164 

CC-90009 CRL4CRBN GSPT1 6XK9122 54 27 19 1221 

Pomalidomide CRL4CRBN 
IKZF1 

(ZF2) 
6H0F113 61 28 12 859 

Pomalidomide CRL4CRBN 
ZNF692 

(ZF4) 
6H0G113 61 28 10 880 

Thalidomide CRL4CRBN 
SALL4 

(ZF2) 
7BQU114 56 32 13 706 

5-Hydroxythalidomide CRL4CRBN 
SALL4 

(ZF2) 
7BQV114 60 29 12 802 

E7820 CRL4DCAF15 RBM39 
6PAI42, 

6Q0R137 
68 22 10 1463 

Indisulam CRL4DCAF15 RBM39 
6UD7142, 

6Q0W137 
72 19 9 1665 

CR8 CRL4∆ Cyclin K 6TD3294 79 6 16 2672 

21195 CRL4∆ Cyclin K this work 80 5 15 2730 

919278 CRL4∆ Cyclin K this work 84 5 11 2625 

HQ461 CRL4∆ Cyclin K this work 83 6 11 2646 

NRX-103094 SKP1𝛽-TrCP 
𝛽-catenin 

peptide 
6M91373 54 25 21 958 

MZ1 CRL2VHL 
BRD4 

(BD2) 
5T3590 26 37 38 1338 

dBET23 CRL4CRBN 
BRD4 

(BD1) 
6BN7102 39 23 38 1328 



 171 

5.5     Screening for molecular glue degraders 
The IMiD, aryl sulphonamide and BI-3802 molecular glues have been identified as ligase binders and/or target 

degraders by observant research teams. The efforts that followed these initial discoveries focused primarily on 

screening derivatives of known degraders in the hope of recruiting novel neosubstrates. However, a broad search 

for binders of other ubiquitin ligases was also pursued in the hope of finding the “new CRBN”, driven on one 

hand by wanting to expand the repertoire of ligases available for PROTAC design and on the other by the quest 

for a family of molecular glues as clinically successful as IMiDs. While a VHL-based molecular glue degrader 

has recently been reported (with details pending disclosure)152, it remains to be seen if other ligandable ligases, 

such as cIAP1, or ones with no described ligands, can recruit and ubiquitinate other proteins upon the binding 

of monovalent molecular glue degrader compounds.  

In addition to these ligase-oriented strategies, two systematic ligase- and target-agnostic approaches for 

degrader discovery have been reported, and both are described herein. A bioinformatic correlation between drug 

toxicity and ubiquitin ligase mRNA expression levels across different cancer cell lines allowed for the 

identification of the CR8-DDB1 drug-ligase pair (section 2.1)294, while a screen looking at differential 

cytotoxicity of compounds in wild-type versus hyponeddylated cellular models found one RBM39 degrader and 

three cyclin K degraders (section 2.2)285. Both studies used relatively small compound libraries (4518 pre-

clinical and clinical compounds and ~2000 cytostatic and cytotoxic small molecules, respectively) and focused 

solely on cell survival, yielding surprisingly high hit rates. Many more compounds can likely be found by taking 

advantage of larger existing libraries. Moreover, utilising more complex read-outs beyond cell death would also 

enable the discovery of molecular glue degraders of proteins that are not essential in the chosen cellular context. 

Once a molecular glue degrader candidate is identified, a pipeline comprising mass-spectrometry-assisted 

identification of the degradation target(s), ligase identification using CRISPR screening technology, and 

biochemical reconstitutions can allow the elucidation of its detailed mechanism of action146,285,294. 

 Once identified, glues and their derivatives can be evaluated using various in vitro methods – TR-FRET, 

ITC, pulldowns, ubiquitination assays, structural studies – and cellular approaches, such as reporter stability 

and viability screens. Our work showed that for cyclin K degraders, the in vitro ternary complex affinity is 

largely predictive of in-cell degradation for the large compound set (Figure 3.13c, Figure 3.12c). Moreover, 

this study further demonstrates that screening for compounds’ cytotoxicity in the presence or absence of 

MLN4924 is a feasible and informative strategy to identify degraders (Figure 3.12d). Akin to compound 

screening in wild-type versus hyponeddylated cellular models285,294, such an approach can help infer the 

contribution of a (CRL-mediated) degradation phenotype to the compound’s mode of action.  

 

5.6     Rational design for gluing weak interactors 
If both protein-protein and protein-ligand interactions contribute to molecular glue action, molecular glue 

degraders may be easier to obtain by leveraging existing low-affinity protein-protein interactions. For instance, 

a protein epitope that has been weakened by mutations and is no longer recognised efficiently by its cognate 
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ligase may be “repaired” by a molecular glue, as in the case of the mutated oncogenic transcription factor β-

catenin, which has lost its affinity for the cognate SCFβ-TrCP E3 ligase104 (Figure 5.3a). Through HTS followed 

by structure-based design, protein-protein interaction stabilisers were obtained that complemented the mutated 

interface by providing the binding surface between β-catenin and β-TrCP that is lost as a result of the S37A β-

catenin mutation. This compound restored the interaction between SCFβ-TrCP and mutant β-catenin and allowed 

for efficient ubiquitination in vitro104.  

Although not a molecular glue degrader, a similar strategy was used to develop a glue compound that 

furthers the interaction between 14-3-3 and its phosphorylation-independent interactor carbohydrate-response 

element-binding protein (ChREBP), where a weak stabiliser derived from an in silico screening campaign was 

optimised into an effective molecular glue in a structure-guided manner374 (Figure 5.3b). Another example of 

rational glue design is that of a derivative of the kinase inhibitor trametinib, which targets the mitogen-activated 

protein kinase (MEK) kinase375 (Figure 5.3c). The inhibitor was found to bind at the interface between the 

kinase domain of MEK and the kinase suppressor of Ras (KSR) subunit. Given the proximity between the two 

proteins, a “trametiglue” was designed by substituting an acetamide group for a sulphamide to enhance 

interfacial binding. This yielded a compound with improved cellular potency, offering a path for selectively 

targeting sub-populations of MEK. Several other compounds that stabilize weak protein-protein interactions 

have been reported, such as CC0651 that strengthens the ubiquitin interaction with the E2 ubiquitin-conjugating 

enzyme CDC34376, and the natural product Brefeldin A, which stabilises the ARF-GDP-Sec7 complex377,378. 

Thus, leveraging existing weak interactions, particularly in the context of ubiquitin ligases, offers an exciting 

route for the rational design of molecular glue degraders.  
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Figure 5.3. Rational design of chemical inducers of proximity. a, SKP1-β-TrCP-NRX-103094-β-catenin(S37A) 
complex (PDB 6M91)373. Bottom panel: wild-type (WT) β-catenin peptide bound to β-TrCP (PDB 1P22)379. b, 14-3-3 
monomer bound to compound 3 and ChREBP ɑ2 peptide (PDB 6YGJ)374. c, MEK1-trametiglue-KSR2 complex (PDB 
7JUV)375. Right panel: overlay of trametiglue and the parent inhibitor trametinib bound at the MEK1-KSR2 interface (PDB 
7JUR) through superposition of kinase domains375. a-c, Important interface residues are shown as sticks. Key hydrogen 
bonds are indicated with dashed yellow lines. 
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5.7     The “protein pair problem” 
While molecular glue degraders may be obtained through leveraging existing low-affinity protein-protein 

interactions, such suitably predisposed pairs are challenging to identify beyond isolated examples or established 

degrons. This constitutes what may be referred to as the “protein pair problem”.   

Computational methods, such as protein-protein docking380 or fingerprint-based approaches381, could 

be used to shortlist candidate pairs. However, screening large swathes of the proteome against each other, or 

even screening a single target of interest against a panel of ubiquitin ligase components is an extremely 

computationally expensive task. It is further hindered by the lack of structural information on many ubiquitin 

ligases (an obstacle only partly alleviated by the advent of AlphaFold2382), the bias of published ligand-bound 

or ternary complex structures, and the inherent conformational flexibility383 of the putative interactors. In vitro 

experimental approaches are also limited, as the detection of protein-protein interactions at scale, especially 

ones with micro- and millimolar affinities, remains highly challenging. Additionally, the question of whether a 

given interaction is likely to prove consequential when strengthened in affinity by a small molecule is difficult 

to address. This will depend on the geometry and kinetics of the interaction but also many factors only at play 

in the relevant cellular context, such as component localisation, post-translational modifications, or competing 

interactions of the molecules of interest. These obstacles are largely alleviated when modulating an endogenous 

ligase-target pair. Actionable native ligase-target pairs, e.g. ones with mutationally impaired affinity akin to the 

above-mentioned β-catenin example373, could be identified for instance based on degron loss data384,385. 

 Recently, a preprint from Mikko Taipale’s laboratory described an interesting proteome-scale induced 

proximity screen aiming to identify actionable effectors386. The approach was based on the co-expression of a 

target and an effector protein in cells with distinct sets of dimerization tags – either PYL1 and ABI1, which 

interact in the presence of the small molecule abscisic acid, or the vhhGFP nanobody and GFP, which interact 

constitutively386. The study focussed predominantly on the degradation or stabilisation of a mock substrate, a 

GFP reporter (arrayed screens with 280 E3 ligases or 47 DUBs, respectively), with the effects of tag-induced 

dimerization monitored by flow cytometry. While this approach, when applied to a target of interest, is likely 

to be the most relevant for fully neomorphic, PROTAC-induced complexes, important learnings can also be 

drawn for prospective molecular glue degraders design.  

Alternative methods employing unassisted protein-protein dimerization, such as protein-fragment 

complementation assays (e.g. the yeast-two hybrid system387 or split DHFR-based assays388) could also be used 

in this context. With the target of interest as the bait, such experiments would allow the (indirect) survey of its 

binding preferences for a library of prey ligase components, yielding a catalogue of preferred pairings. As these 

complementation assays do not utilise degradation as a readout, they could also be employed for other classes 

of induced-proximity effectors beyond the UPS. However, the challenge that persists is the effective detection 

of low-affinity (high micromolar and millimolar) interactions.  
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5.8     Compound-induced stickiness  
If the discussed molecular glue degraders indeed induce new interactions with no physiological relevance, how 

do small molecules give rise to such neomorphic binding? Several recent examples such as CR8 or BI-3802 

(Figure 5.4) demonstrate that the addition of solvent-facing small chemical groups to a binder or inhibitor can 

confer gain-of-function molecular glue degrader functionality. Evolutionary studies show that proteins have an 

intrinsic tendency to form higher-order complexes, and that random single-point mutations give rise to de novo 

interfaces that induce larger assemblies with surprising ease389. This is also evident in genetic diseases such as 

sickle-cell anaemia where a surface mutation in haemoglobin (E6V mutant also referred to as haemoglobin S) 

triggers fibre formation282. The BI-3802 (Figure 5.4b, see also section 1.1.12) and CR8 examples now argue 

that small molecules bound to a protein surface can give rise to similar aggregation processes, either as self-

polymerisation events (as in BCL6) or by strengthening an existing, albeit weak, interaction of DDB1 with 

CDK12-cyclin K (Figure 5.4). The model formulated by Levy and colleagues stipulates that proteins evolve on 

the cusp of engaging in macromolecular interactions389. The very low affinities are not by themselves directly 

biologically actionable but such propensities to interact are exploitable by compound-mediated modification of 

protein surfaces. Across evolution, hydrophobic patches have been suggested to persist as means to favour 

functionally relevant multimerization390. Surface-bound small molecules could thus similarly conjure a 

sufficiently hydrophobic hotspot to either lead to target aggregation or induce higher-order assemblies. In 

addition, alterations in the protein surface induced by single nucleotide polymorphisms (SNPs) in the coding 

region of proteins may already intrinsically affect interactomes of the protein carrying the SNP, and molecular 

glue compounds could further leverage such sequence variation.  

Experimentally, the formation of higher-order assemblies is most easily detectable if ubiquitin ligases 

are involved, giving rise to target degradation. Many more compounds could alter target interactomes more 

subtly, for instance through changes in post-translational modifications or localisation of the target protein280. 

Proof-of-principle heterobifunctional compounds that bring together neosubstrates and DUBs, kinases, 

phosphatases, or acetyltransferases have been reported391–394, and it is conceivable that monovalent compounds 

could similarly redirect the enzymatic activity of other effectors towards new substrates. It is likely, however, 

that compound-induced aggregation phenomena akin to the behaviour of BI-3802 are even more common and 

that this behaviour has thus far been largely overlooked. 
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Figure 5.4. Modification of protein surface by derivatised binders drives protein-protein interactions. a, Overlay of 
CR8 (PDB 6TD3) and roscovitine (PDB 2A4L) in the active site of CDK12 in the DDB1-CR8-CDK12-cyclin K complex 
through superposition of kinase domains294. b, Structure of two BTB dimers brought together by the degrader BI-3802146. 
Left close-up panel: BI-3802 at the dimer interface. BCL6 residues R28 (BTBγ), E41 (BTBβ), Y58 (BTBδ) are shown as 
sticks. Right close-up panel: model of bona fide inhibitor BI-3812 at the dimer interface. The inhibitor was docked to the 
crystal structure of BCL6 BTB (PDB 5MW2) and was modelled at the interface by superposition of BTB domains. The 
solvent-exposed moiety of BI-3812 clashes with a helix of BTBβ. c, Another inhibitor-degrader pair identified for BCL6395. 
d, Inhibitor and degrader of BRD4396. The mechanism of action of GNE-0011 is not known. 
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This hitherto hidden, induced proximity-based mode of action is therefore likely to be more common 

among existing small molecules than was previously thought. Hence, molecular glue-driven binding events 

should be taken into consideration when developing drugs and the effect of compound binding on target stability 

should be routinely evaluated for candidate inhibitors.  

Taken one step further, it remains to be seen whether derivatisation of the solvent-facing regions in 

small molecular binders and inhibitors can be used to systematically induce neomorphic interactions and thereby 

perturb the target of interest in a forward screening approach. Should this prove to be a viable approach, it could 

allow for routine target-centric degrader screening, whereby libraries of compound are screened for target 

destabilisation in a ligase-agnostic manner. This could not only pave the way to the (semi-)rational design of 

molecular glue degraders for a given target, but also allow for seemingly non-ligandable ligases to be identified 

as viable effectors for targeted protein degradation. 

 

5.9     Compound-induced interfaces  
Molecular recognition events between two proteins, or between a protein and a small molecule, are at the heart 

of every biological process. Through decades of medicinal chemistry efforts, we have attained a good 

understanding of how to find, design, and optimise protein-ligand interactions397,398. Through structural analysis 

of protein-protein interactions by crystallography and, more recently, cryo-electron microscopy, we have 

amassed a multitude of examples of protein-protein interfaces to learn from, allowing for recent advances in 

predicting protein-protein interactions399–401. Still lacking, though, is a more systematic understanding of how 

small molecules can remodel, or repurpose, protein-protein interfaces. In such an understanding lies the key to 

rationally designing molecular glue-triggered events.     

Leveraging compound-induced interactions holds enormous potential for the discovery of novel drugs. 

However, our thinking of interfaces in drug discovery is largely dominated by high affinity, high-specificity 

binding events. These lock-and-key interactions, as originally described by Emil Fischer402, are highly relevant 

for small protein-ligand interfaces. However, interfaces that display lower affinity are equally important in 

induced proximity. The best indication that tight interactions in one part of a complex can prompt protein-

protein interactions elsewhere comes from PROTAC-induced complexes. The structure of the MZ1 ternary 

complex found BRD4 engaged with the VHL E3 ligase receptor through neomorphic protein-protein 

interactions90 (Figure 5.2e). PROTACs recruiting BRD4 to CRBN showed different BD1 interfaces engaged 

with CRBN depending on the linker and exit vector used, with the biochemical validation of these binding 

modes suggesting genuinely different interactions102 (Figure 5.2f). CRBN complexes with different 

neosubstrates (CK1⍺ and GSPT1) also utilised distinct regions on the receptor surface44,112. This indicates that 

two proteins, once brought in proximity through a high-affinity interaction elsewhere, will engage in protein-

protein interactions, and that these contacts have different levels of complementarity ranging from being 

strongly attractive to being repulsive90,100,102. These interactions are sufficiently common that they can be 

systematically harnessed using small molecules.  
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Still, a quantitative and computational framework is currently missing that would allow us to dissect 

and understand such compound-mediated protein-protein binding events. New examples, such as the large 

cyclin K degrader class, and a detailed understanding of the interfaces involved considerably further our 

understanding of glue-dependent events. However, more studies are necessary to establish a rational strategy 

for routine molecular glue design, and therefore accelerate the development this powerful new class of 

medicines. 
 

5.10 Endogenous molecular glues 
Endogenous compounds including nuclear hormones and inositol phosphates have been postulated to act as 

degraders403 or inducers of proximity404–406, respectively. To my knowledge, however, no endogenous molecular 

glue degrader compounds akin to plant hormones have yet been conclusively identified in humans. CRBN and 

its neosubstrates, as well as DCAF15 and RBM39/RBM23 are likely neomorphic substrate-receptor pairs given 

their biology, mode of action and the limited interface conservation. Yet, especially in the case of the highly 

conserved tri-tryptophan pocket on CRBN, it is difficult to exclude that endogenous small molecules exist that 

bind and reprogram the ligase. What is more, considering the recent report of low-micromolar affinity binding 

between DDB1-CRBN and IKZF1 or CK1⍺	detected through BLI and AlphaScreen measurements323, it cannot 

be discounted that such compound-independent interactions could become relevant in a specific cellular context.    	

 Uridine, an endogenous and universally present compound, has been previously shown to bind 

CRBN407. Two pyrimidine nucleobases - thymine and uracil - show obvious structural similarity to the IMiD 

glutarimide moiety (Figure 5.5) and NMR experiments demonstrated that uracil and its nucleosides bind CRBN 

with a low-micromolar affinity, while thymidine only showed binding constants in the millimolar range407. In 

2022, Cho et al. reported that UDP-glucose is a molecular glue degrader able to bring together CRBN and 

glucokinase and lead to steady-state degradation of glucokinase, a key glycolysis enzyme408. While the 

interaction was not reconstituted in vitro, the knockout of the enzyme solely responsible for cellular UDP-

glucose production was shown to lead to glucokinase accumulation and UDP-glucose administration caused 

glucokinase depletion408. Further work, spanning both biochemical and structural studies but also the elucidation 

of biological significance of this interaction will be required.      

 
Figure 5.5. Uridine and UDP-glucose are endogenous CRBN binders. The glutarimide ring of lenalidomide and similar 
moieties in the pyrimidine derivatives are shown in purple. Uridine nucleosides bind CRBN with low-micromolar affinities, 
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while thymidine nucleosides show binding constants in the millimolar range, likely due to steric hindrance of the additional 
methyl substituent. UDP-glucose was postulated to be a CRBN-based molecular glue degrader of glucokinase.  

 

In case of the DDB1-CDK12/13-cyclin K interaction, it is unclear whether these low-affinity binding 

events have a physiological role in the absence of an interaction-promoting compound. While data show that 

cyclin K is not a substrate of DDB1 or CUL4B under steady-state conditions285,294, it is conceivable that 

endogenous ligands could promote this interaction upon a specific stimulus or in a developmentally regulated 

manner. We showed that native nucleotide cofactors (such as ATP) do not promote this interaction. However, 

the kinase pocket is in principle able to bind many different ligands and the striking diversity of the identified 

cyclin K degraders suggests that endogenous small molecules that facilitate this interaction could exist. One 

intriguing possibility is that of a metabolite able to promote cyclin K degradation.   

Metabolites bind to various proteins to regulate a myriad of cellular processes, yet protein-metabolite 

interactions are understudied. As new methods emerge for capturing such interactions, various previously 

understudied compound classes emerge as potential regulators409. For example, the Ser-Leu dipeptide was 

recently found to weakly bind phosphoglycerate kinase in Saccharomyces cerevisiae and therefore modulate its 

activity409. Multiple dipeptides bear chemical similarity to cyclin K degraders, e.g. 919278 and the gluing moiety 

of SR-4835 somewhat resemble tryptophan side chains (Figure 5.6a), making them an interesting candidate 

class. However, many other possibilities exist, including modified nucleosides or other nucleobase-containing 

metabolites. This would echo the purine scaffold seen in CR8, SR-4835 and other cyclin K degraders (Figure 

5.6b), as well as the role of CDK12 in DNA damage response, where the kinase could additionally serve as a 

ligand-dependent sensor under certain circumstances.  

 
Figure 5.6. Broad chemical similarity of cyclin K degraders to various endogenous compound classes. a, Short 
peptides, for example the Trp-Trp dipeptide, bear some resemblance to multiple identified degraders, for example the 
919278 compound and the gluing moiety of SR-4835. b, The core scaffold of CR8 is the nucleobase adenine.       

 

Further work will be required to address this exciting yet exceedingly challenging question. Approaches 

ranging from virtual screening to in vitro experiments using the highly optimised TR-FRET screen developed 
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herein to cellular assays could be employed. However, a central difficulty will be the access to suitable 

metabolome libraries, as published databases contain predominantly non-endogenous metabolites (such as 

metabolites of xenobiotics) while many listed endogenous compounds are based solely on predictions410. In the 

case of looking for an interaction only occurring upon a specific stimulus, stress signal, in development or in 

disease, the search will certainly have to encompass metabolites outside of the well-annotated, commercially 

available libraries containing a few hundred compounds.  

  

5.11 Significance 
The principal aim of this thesis was to further the understanding of how molecular glue degraders reprogram 

protein-protein interfaces to lead to selective target degradation. Accordingly, the work presented herein 

uncovered a novel class of molecular glue degraders and established their mechanism of action, visualised their 

binding modes, and carefully studied the SAR through the evaluation of ca. 100 small molecules. This now 

establishes cyclin K degraders as a third well-described class in the molecular glue degrader repertoire, 

alongside thalidomide analogues and aryl sulphonamides.  

These studies additionally yield important insights into ubiquitin ligase biology, showing that DDB1 

can interact with a drug-induced “neosubstrate receptor” CDK12 to degrade cyclin K, while bypassing a 

canonical DCAF. The SAR dissection reveals that many highly diverse compounds can induce the DDB1-

CDK12 interaction, highlighting the importance of the compound’s gluing moiety productively engaging the 

DDB1 Arg928 residue but also the extensive and omnipresent protein-protein contacts that determine the 

geometry of this interaction. This work not only informs on the fundamental properties of compound-induced 

interfaces, but also defines a novel class of CDK12/13-cyclin K targeting molecules, evaluates multiple 

actionable scaffolds, and conceptualises several optimisation strategies that will enable the clinical pursuit of 

these important therapeutic targets.  

A thorough optimisation of an in vitro TR-FRET ternary complex formation assay is also described, 

with the final experimental setup allowing for the dissection of small differences in the gluing ability of closely 

related compounds. Such in vitro assays are indispensable in molecular glue degrader development and the steps 

described herein could be employed in the development of similar assay systems for other protein pairs. Our 

results show that in the case of cyclin K degraders, the in vitro ternary complex affinity is largely predictive of 

in-cell degradation, further supporting the relevance of such in vitro assays. 

This thesis also describes two novel methods for the prospective, systematic discovery of molecular 

glue degraders – through bioinformatic correlation of drug toxicity and ubiquitin ligase expression or through 

differential compound profiling in wild-type versus hyponeddylated cell lines. What is more, the learnings from 

the cyclin K degrader class further indicate that degraders can be obtained through screening for target 

destabilisation using libraries of suitably modified inhibitors, offering the first semi-rational route towards 

molecular glue degrader discovery for a given target. The studies described herein therefore constitute and 

important advance in the understanding of the discovery and design rules for molecular glue degraders.  
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Finally, this work underscores that molecular glue properties are likely already present in many existing 

drugs, and the solvent-exposed moieties of such molecules determine their gain-of-function behaviour. It also 

illustrates that compounds can bring two proteins together with surprising ease and that this phenomenon could 

be exploited for the development of effective therapeutics. 
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Chapter 6 : Materials and methods 
 

6.1     General materials and methods 
 
6.1.1 Materials 
 

Table 6.1. Cell lines. 

Cell line Organism Reference 

SF-9 Spodoptera frugiperda Invitrogen™ 

High-Five™ BTI-TN-5B1-4 (Hi5) Trichoplusia ni Invitrogen™ 

DH5α  Escherichia coli Thermo Fischer 

HEK293T Homo sapiens Genetic Perturbation Platform, 
Broad Institute 

MDA-MB-231 Homo sapiens ATCC 

 
 

Table 6.2. Plasmids. 

Plasmid  Description Reference 

pAC8-dsRed 

Derived from pBacPAK8, 
including dsRed as expression 
level marker 

411 

Baculovirus expression system: 
flashBAC™ 

Oxford Expression Technology 

 
 

Table 6.3. Various reagents  

Reagent Source 

Cellfectin™ II (cationic-lipid reagent for insect cell 
transfection; cat. no. 10362100) 

Thermo Fisher Scientific 

SF-4 Baculo Express ICM (serum-free Insect Culture 
Medium) 

BioConcept 

Fetal bovine serum (FBS) Thermo Fisher 

Alexa488-C5-maleimide (A10254) Thermo Fischer 

Alexa647-C2-maleimide (A20347) Thermo Fischer 

Cy5 maleimide (GEPA15130) Merck 
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LifeTechnologies Terbium-Streptavidin (PV3965) Thermo Fischer 

Lanthascreen Europium-Streptavidin (PV5899) Thermo Fischer 

Biotin anti-His antibody (PV6089) Thermo Fischer 

LifeTechnologies Kinase Tracer 236 (PV5592) Thermo Fischer 

Recombinant CDK2-cyclin A protein (PV3267) Thermo Fischer 

Recombinant CDK9-cyclin T protein (PV4131) Thermo Fischer 

DMSO Hybri-Max ampules (D2650) Sigma-Aldrich 

3.5 M Ammonium sulphate (MD2-250-35) Molecular Dimensions 

1.8M Ammonium citrate tribasic pH 7.0 (HR2-994-21) Hampton Research 

HEPES pH 6.8 (HR2-902-01) Hampton Research 

HEPES pH 8.2 (HR-902-15) Hampton Research 

Dithiothreitol (DTT) (D0632) Sigma-Aldrich 

TCEP (P1020) LucernaChem 

BSA, protease and essential globulin-free (A-7030) Sigma 

QIAprep Spin Miniprep Kit QIAGEN 

SDS running buffer 
25 mM Tris pH 8.3 
192 mM Glycine 

0.1 % SDS 

5x loading dye 

62.5 mM Tris HCl pH 6.8 
2 % SDS 

25 % Glycerol 
0.01% Bromophenol blue 
3 % β-mercaptoethanol 

 

6.1.2 Insect cell culture 
Suspension cultures of Sf9 cells (Spodoptera frugiperda; used for virus amplification) and Hi5 cells (High-

Five™ BTI-TN-5B1-4, Trichoplusia ni; used for protein expression) were cultured in serum-free SF-4 medium 

(SF4 Baculo Express ICM, BioConcept). Cells were incubated in a shaker incubator (KuhnerShakerX) at 120 

rpm and 27 °C. Cell growth and viability were monitored by measuring the cell density (million/mL) and % 

viability using a cell viability analyser (Vi-CELL™ XR, Beckman Coulter) and confluent cultures (4 

million/mL for Hi5 and up to 6 million/mL for Sf9) were regularly diluted to a final density of 0.2-0.5 

million/mL for Hi5 and 1 million/mL for Sf9 cells. Some cultures were supplemented with Penicillin (1.6 

µg/mL) and Streptomycin (2.5 µg/mL). 

For the generation of passage 0 (P0) viral stock using the pAC8-dsRed (Table 6.2) vector system, a 

transfection mix (8 µL Cellfectin™, 0.5 µg viral DNA, 2.0 µg of the respective plasmid, 150 µL SF- 4 medium) 

was prepared and incubated at RT for 30 min. The transfection mix was added to an Sf9 culture (2.9 million/mL, 
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850 µL) and the cells were incubated for 4 h in a shaker incubator at 120 rpm and 27 °C. After 4 h, SF- 4 

medium (4 mL) was added to the transfected cells, which were then allowed to grow for 5 days in a shaker 

incubator at 120 rpm and 27 °C. On day five, the culture was supplemented with 10 % FBS and harvested 

through centrifugation (1500 rpm, RT, 10 min). The supernatant was transferred to a sterile Falcon™ tube and 

stored at 4 °C or used directly for further viral amplification (Figure 6.1a). For this, the P0 virus for gene of 

interest was added (1:100) to an Sf9 suspension culture (2 million/mL, 10 mL) and infected cells were incubated 

for 3 days at 27 °C and 120 rpm. The resulting P1 virus with an increased viral titre was harvested as described 

above and further used for the generation of P2 viruses. For large-scale protein expression, a P3 virus was 

generated by infecting larger cell culture volumes (50 mL).  

 
Figure 6.1. Protein expression in the baculovirus-insect cell system using pAC8-dsRed vectors. a, Viral amplification. 
b, Cell culture and infection. Image created with BioRender.com 

 

6.1.3 Protein expression and purification 
In a general recombinant protein expression workflow (Figure 6.1b), Hi5 cells (1-16 L) were grown to 

confluency, harvested by centrifugation (1500 rpm, RT, 10 min, Sorvall™ BP 16) and resuspended in the 

appropriate P3 virus (10-25 mL virus per 1 L of cells). The cells where incubated for 30-60 min (27 °C, 120 

rpm) and subsequently evenly distributed over fresh, pre-warmed (27 °C) Sf4 medium (2 L per 1 L of cells), 

usually supplemented with penicillin (1.6 µg/mL) and streptomycin (2.5 µg/mL).  The infected Hi5 cell cultures 

were incubated for 2 days (27 °C and 120 rpm (KuhnerShakerX)) and harvested by centrifugation (1500 rpm, 

4 °C, 10 min, Sorvall™ BP 16). The resulting cell pellet was resuspended in a suitable, ice-cold lysis buffer 

(75 mL per 1 L of cells) and cells were lysed by sonication (3 min cycles, 10 sec pulse, 20 sec pause, 20 % 

amplitude, Vibra-Cell™, Sonics) whilst in an ice bath.  
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The cell debris were then separated from soluble fraction of the lysate by ultracentrifugation (4 °C, 

40min, 35000 rpm in a Ti45 rotor, Beckman Coulter). The supernatant was subsequently filtered through 

Micracloth (Merck) and applied to a suitable affinity column. The elution fraction from the affinity purification 

step was then subject to ion exchange chromatography and finally size exclusion chromatography to yield the 

final protein sample.    

 

6.1.4 Protein analysis 

6.1.4.1 SDS polyacrylamide-gel electrophoresis 

SDS- PAGE (SDS polyacrylamide-gel electrophoresis) was performed to monitor the progress of each protein 

purification step. For this, precast protein gels (Any kD™ Mini-PROTEAN® TGX™, Bio Rad) were used. 

Protein samples were diluted (SEC buffer) 1:5 and supplemented with 5x SDS loading dye and pre-stained 

protein MW marker (Precision Plus Protein™ Dual Colour Standards, Bio Rad) was used for reference. The 

electrophoresis was caried out at 400 mA and 200 V for 30 min and gels were stained in Quick Blue (Lubio 

Science) and de-stained in water overnight. 

 

6.1.4.2 Determination of protein concentration 

Concentration determination for protein samples was performed using two orthogonal methods. Firstly, 

absorbance at 280 nm was determined using a NanoDrop™ 2000/2000c Spectrophotometer (Thermo 

Scientific™). Secondly, protein concentration was measured using the Bradford Assay. For this, two different 

protein dilutions (usually 1:5 and 1:10) and a BSA standard series (1, 2, 4, 6, and 8 mg/mL) were each mixed 

with Quick Start™ Bradford 1x Dye Reagent (Bio Rad) and incubated at RT for 2 min. Bradford reagent 

solution was used as reference and the absorbance of the samples was measured at 595 nm using the Ultrospec 

3100 Pro UV/Visible Spectrophotometer (GE Healthcare/ Amersham Pharmacia). The standard curve of BSA 

absorbance was then plotted and used to determine the concentration of each sample. 

 

6.2     Discovery of cyclin K degraders (Chapter 2) 
6.2.1 Mammalian cell culture 

The human HEK293T cell lines were provided by the Genetic Perturbation Platform, Broad Institute and 

K562Cas9, THP1Cas9, P31FUJCas9 cell lines were provided by Zuzana Tothova, Broad Institute and 

HEK293TCas9
113 and MM1SCas9

412 were previously published. HEK293T cells were cultured in DMEM (Gibco) 

and all other cell lines in RPMI (Gibco), with 10% FBS (Invitrogen), glutamine (Invitrogen) and penicillin–

streptomycin (Invitrogen) at 37 °C and 5 % CO2.  
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6.2.2 Compounds 
R-CR8 (3605) was obtained from Tocris, S-CR8 (ALX-270-509-M005), flavopiridol (ALX-430-161-M005) 

from Enzo Life Sciences, roscovitine (HY-30237), THZ531 (HY-103618), LDC00067 (HY-15878) from 

MedChem Express and DRF053 (D6946) from Sigma. 

 

6.2.3 Antibodies 

The following antibodies were used in this study: anti-cycK (Bethyl Laboratories, A301-939A for full length 

cycK), anti-cycK (abcam, ab251652, for cycK1-267), anti-beta-actin (Cell Signalling, #3700), anti-mouse 800CW 

(LI-COR Biosciences, 926-32211), anti-rabbit 680LT (LI-COR Biosciences, 925-68021), anti-rabbit IgG 

antibodies (abcam, ab6721). 

 

6.2.4 Reporter vectors  

The following reporter were used in this study: Artichoke (SFFV.BsmBICloneSite-17aaRigidLinker-

eGFP.IRES.mCherry.cppt.EF1α.PuroR, Addgene #73320 for genome-wide screen and validation experiments), 

Cilantro 2 (PGK.BsmBICloneSite-10aaFlexibleLinker-eGFP.IRES.mCherry. cppt.EF1α.PuroR, Addgene 

#74450 for degradation kinetics), sgBFP (sgRNA.SFFV.tBFP, for validation of drug-E3 ligase pairs), 

sgRFP657, (sgRNA.EFS.RFP657 for validation of drug-E3 ligase pairs), sgPuro, (pXPR003, Addgene #52963, 

for drug sensitivity assays). 

 

6.2.5 Oligonucleotides 

Detailed lists of all oligonucleotides used in this study can be found in Supplementary Oligo Table 1 in the 

published manuscript (https://www.nature.com/articles/s41586-020-2374-x#Sec42). 

 

6.2.6 Bioinformatic screen 

We computed Pearson correlations of viability of PRISM repurposing compounds in 8 doses and 578 cell 

lines273 with gene expression (GE) and copy number variation (CN) of all detectable protein-coding genes of 

matched cell lines from The Cancer Cell Line Encyclopaedia (CCLE)274. Z score was computed for each pair 

of compounds, dose viability, and genomic feature (GE or CN) across all cell lines. For each compound-genomic 

feature pair, the most extreme correlations are ranked from negative to positive. To focus on novel compound-

gene relationships, we restricted genes to a curated list of 499 E3 ligase components and compounds that are 

not one of “EGFR inhibitor”, ”RAF inhibitor“ or “MDM inhibitor” based on PRISM repurposing annotation274. 

Hit compounds were selected if either the Z score was less than -6 or ranked in the top 15 with Z score less than 

-4. The resulting list of 158 E3 gene-compound pairs was further curated and shortened manually to 96 E3 gene-

compound pairs, which included 95 unique E3 ligases and 85 unique compounds. 
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6.2.7 Cloning and lentiviral packaging of sgRNAs targeting 95 E3 ligases 
sgRNAs targeting E3 ligases were selected from the human Brunello CRISPR library413. 170 oligo pairs (IDT) 

targeting 95 E3 ligases were annealed and cloned into the sgRNA.SFFV.tBFP (Guide ID A) or 

sgRNA.EFS.RFP657 (Guide ID B) fluorescent vectors in a 96-well format using previously published 

protocols414. Briefly, vectors were linearised with BsmBI (New England Biolabs) and gel purified with the Spin 

Miniprep Kit (Qiagen). Annealed oligos were phosphorylated with T4 Polynucleotide Kinase (New England 

Biolabs) and ligated into the linearised and purified vector backbones with T4 DNA Ligase (New England 

Biolabs). Constructs were transformed into XL10-Gold ultracompetent Escherichia coli (Stratagene/Agilent 

Technologies), plasmids were purified using MiniPrep Kit (Qiagen), and guide sequence confirmed by Sanger 

sequencing. For validation of the primary screen, virus was produced in a 96-well format. Briefly, 11,000 

HEK293T cells were seeded per well in 100 µL DMEM medium supplemented with 10% FBS and Penicillin-

Streptomycin-Glutamine. The next day a Packaging Mix was prepared in a 96-well plate consisting of 500 ng 

psPAX2, 50 ng pVSV-G and 17 ng sgRNA backbone in 5 µL OptiMem (Invitrogen) and incubated for 5 minutes 

at room temperature. This mix was combined with 0.1 µL TransIT-LT1 (Mirus) in 5 µL of OptiMem, incubated 

for 30 minutes at room temperature, and then applied to cells. Two days post-transfection, dead cells were 

removed by centrifugation and lentivirus containing medium was collected and stored at -80°C prior to use.  

 

6.2.8 Validation of drug-E3 ligase pairs from the bioinformatic screen 

K562Cas9, OVK16Cas9, A564Cas9, ES2Cas9 and MOLM13Cas9 cell lines were individually transduced with 192 

sgRNAs targeting 95 E3 ligases in a 96-well plate format. 3000 cells/well were plated in 100 µL RPMI 

supplemented with 10% FCS and Penicillin-Streptomycin-Glutamine and 30µL/well of virus supernatant was 

added. 24 hours post infection the medium was changed. After three days, the percentage of sgRNA transduced 

cells was determined by flow cytometry. If more than 60% of cells were transduced, un-transduced cells were 

added to bring the level below 60%. Eight days post-infection cell density was measured and adjusted to 1.5 x 

105 cells/mL with RPMI. For treatment, 50 µL of sgRNA transduced cells were seeded into each well of a 384 

well plate with pre-plated DMSO or cognate drug in three concentrations (0.1 µM, 1 µM, 10 µM) with Agilent 

BRAVO Automated Liquid Handling Platform. Plates were sealed with White Rayon adhesive sealing tape 

(Thermo Fisher Scientific) and grown for three days. Adherent cell lines were trypsinised and re-suspended in 

50 µL of RPMI with Matrix WellMate (Thermo Scientific). Suspension cells were directly subjected to analysis. 

10 µL of cell suspension was subjected to flow analysis with FACSCanto equipped with High Throughput 

Sampler (BD Bioscience). The percentage of sgRNA transduced cells in the drug treatment wells was 

normalised to the DMSO control. Wells with fluorescent drug and samples with less than 120 viable cells events 

or less than 6% fluorescent cells were removed from analysis. All E3-drug pairs were ranked based on the 

number of experimental conditions (cell line and drug dose) with more than 50% of sgRNA transduced cells in 

drug treatment wells in comparison to corresponding DMSO control. 
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6.2.9 Validation of the DDB1 resistance phenotype 
For validation experiments, virus was produced in a 6-well plate format, as described above with the following 

adjustments: 2.5 x 105 HEK293T cells/well in 2 mL DMEM medium, 3 µL/well of TransIT-LT1, 15 µL/well 

of OPTI-MEM, 500 ng/well of the desired plasmid, 500 ng/well psPAX2, and 50 ng/well pVSV-G in 

32.5 µL/well OPTI-MEM. After collecting the virus, 10 x 103 HEK293TCas9 cells in 100 µL DMEM medium 

were transduced with 10 µL of virus supernatant. The transduced HEK293TCas9 cells were then mixed with 

untransduced control cells at a 1:9 ratio. Nine days after sgRNA transduction, cells were treated for 3 days with 

DMSO or 1 µM CR8 and analysed by flow cytometry to determine the percentage of BFP+ cells. sgRNAs 

targeting DDB1 provide partial depletion of DDB1 (50% DDB1 alleles modified, reducing DDB1 levels by 

roughly 50%), which suggests selection towards heterozygous or hypomorphic clones.   

 

6.2.10 Whole proteome quantification using tandem mass tag mass spectrometry 
10 x 106 Molt-4 cells were treated with DMSO (triplicate) or 1 µM CR8 (single replicate) for 1 or 5 hours and 

later were harvested by centrifugation. Samples were processed, measured, and analysed as described before116. 

Data are available in the PRIDE repository (PXD016187 and PXD016188).  

 

6.2.11 Quantitative PCR 
HEK293TCas9 cells were treated with DMSO or 1 µM CR8 for 2 hours, collected by centrifugation, washed with 

PBS, and snap-frozen at -80°C. mRNA was isolated using a QIAGEN RNA kit (Qiagen, 74106). For cDNA 

synthesis, total RNA was reverse transcribed using a High-Capacity cDNA Reverse Transcription Kit (Thermo 

Fischer) before qPCR analysis with TaqMan Fast Advanced Master Mix (ThermoFisher Scientific, 4444557) 

for CCNK (TaqMan, Hs00171095_m1, Life Technologies) and GAPDH (TaqMan, Hs02758991_g1). 

Reactions were run and analysed on a CFX96 Real Time system (Bio-Rad). 

 

6.2.12 Immunoblots for whole protein lysate 
Cells were washed with phosphate buffered saline (PBS) and lysed (150 mM NaCl, 50 mM Tris (pH 7.5), 1% 

NP-40, 1% glycerol, 1x Halt Cocktail protease and phosphatase inhibitors) for 20 minutes on ice. The insoluble 

fraction was removed by centrifugation, protein concentration was quantified using a BCA protein assay kit 

(Pierce), and equal amount of lysate was run on SDS-PAGE 4-12% Bis-Tris Protein Gels (NuPAGE, Thermo 

Fisher) and subsequently transferred to nitrocellulose membrane with Trans-Blot Turbo System (BIO-RAD). 

Membranes were blocked in Odyssey Blocking Buffer/PBS (LI-COR Biosciences) and incubated with primary 

antibodies overnight at 4°C. The membranes were then washed in TBS-T, incubated for 1 hour with secondary 

IRDye-conjugated antibodies (LI-COR Biosciences), and washed three times in TBS-T for 5 minutes prior to 

Near-Infrared Western blot detection on an Odyssey Imaging System (LI-COR Biosciences). 
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6.2.13 Cyclin K stability reporter analysis 
HEK293TCas9 expressing the cycKeGFP degradation reporter were transduced with experimental sgRNAs. Nine 

days after infection the cells were dosed for 2 hours with DMSO or 1 µM CR8. Using FLOWJO (flow cytometry 

analysis software), the geometric mean of eGFP and mCherry fluorescent signal for round and mCherry positive 

cells was calculated. The ratio of eGFP to mCherry was normalised to the average of three DMSO-treated 

controls. 

 

6.2.14 Genome-wide CRISPR – CR8 resistance screen  
5 % (v/v) of the human genome-wide CRISPR-KO Brunello library with 0.4 µL Polybrene/mL (stock of 8 

mg/mL) was added to 1.5 x 108 HEK293TCas9 in 75 mL of medium and transduced (2400 rpm, 2 hours, 37°C). 

24h after infection sgRNA transduced cells were selected with 2 µg/mL of Puromycin for two days. On the 

ninth day post-infection, cells were treated with either DMSO or 1 μM CR8 and cultured for an additional 3 

days. Resistant live cells were selected by gently washing away detached dead cells from the medium. Cell 

pellets were resuspended in multiple direct lysis buffer reactions (1 mM CaCl2, 3 mM MgCl2, 1 mM EDTA, 

1% Triton X-100, Tris pH 7.5 - with freshly supplemented 0.2 mg/mL Proteinase) with 1x106 cells per 100 µL 

reaction. The sgRNA sequence was amplified in a first PCR reaction with eight staggered forward primers. 

20 μL of direct lysed cells was mixed with 0.04U Titanium Taq (Takara Bio 639210), 0.5 x Titanium Taq buffer, 

800 µM dNTP mix, 200 nM SBS3-Stagger-pXPR003 forward primer, 200 nM SBS12-pXPR003 reverse primer 

in a 50 µL reaction (cycles: 5 minutes at 94°C, 15 x (30 sec at 94°C, 15 sec at 58°C, 30 sec at 72°C), 2 minutes 

at 72°C). 2 µL of the first PCR reaction was used as the template for 15 cycles of the second PCR, where 

Illumina adapters and barcodes were added (0.04U Titanium Taq, 1 x Titanium Taq buffer, 800 µM dNTP mix, 

200 nM P5-SBS3 forward primer, 200 nM P7-barcode-SBS12 reverse primer). An equal amount of all samples 

was pooled and subjected to preparative agarose electrophoresis followed by gel purification (Qiagen). Eluted 

DNA was further purified by NaOAc and isopropanol precipitation. Amplified sgRNAs were quantified using 

Illumina NextSeq platform. Read counts for all guides targeting the same gene were used to generate p-values. 

Hits enriched in resistance population with False Discovery Rate (FDR) < 0.05 and enriched > 5-fold, are 

labelled on the relevant plots415. 

 

6.2.15 BISON CRISPR – CR8 resistance screen  

The BISON CRISPR library targets 713 E1, E2, and E3 ubiquitin ligases, deubiquitinases, and control genes 

and contains 2,852 guide RNAs. It was cloned into the pXPR003 as previously described413 by the Broad 

Institute Genome Perturbation Platform (GPP). The virus for the library was produced in a T-175 flask format, 

as described above with the following adjustments: 1.8 x 107 HEK293T cells in 25 mL complete DMEM 

medium, 244 µL of TransIT-LT1, 5 mL of OPTI-MEM, 32 µg of library, 40 µg psPAX2, and 4 µg pVSV-G in 

1 mL OPTI-MEM. 10 % (v/v) of BISON CRISPR library was added to 6 x 106 HEK293TCas9 cells in triplicates 

and transduced. Samples were processed as describe above for the genome wide resistance screen. 
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6.2.16 Genome-wide CRISPR – cyclin K stability reporter screen  

A single clone of cycKeGFP HEK293TCas9 was transduced with the genome wide Brunello library as described 

above with the following modification: 4.5 x 108 cycKeGFP HEK293TCas9 cells in 225 mL of medium. Nine days 

later cells were treated with CR8 or DMSO for at least 2 hours and the cycK stable population was separated 

using fluorescence activated cell sorting. Four populations were collected (top 5 %, top 5-15 %, lowest 5-15 % 

and lowest 5 %) based on the cycKeGFP to mCherry mean fluorescent intensity (MFI) ratio. Sorted cells were 

harvested by centrifugation and subjected to direct lysis as described above. The screen was analysed as 

described previously by comparing stable populations (top 5 % eGFP/mCherry expression) to unstable 

populations (lowest 15 % eGFP/mCherry expression). Hits enriched in cycK stable population with FDR < 0.05 

are labelled in the relevant figures.  

 

6.2.17 Pooled CRISPR screen data analysis 

The data analysis pipeline comprised the following steps: (1) Each sample was normalised to the total number 

of reads. (2) For each guide, the ratio of reads in the stable vs. unstable sorted gate was calculated, and sgRNAs 

were ranked. (3) The ranks for each guide were summed for all replicates. (3) The gene rank was determined as 

the median rank of the four guides targeting it. (4) P-values were calculated by simulating a distribution with 

guide RNAs that had randomly assigned ranks over 100 iterations. R scripts can be found in the Supplementary 

Information of the published manuscript (https://www.nature.com/articles/s41586-020-2374-x#Sec42). 

 

6.2.18 DCAF arrayed screen 

An arrayed DCAF library (targeting DCAFs substrate receptors, DCAF-like and control genes) was constructed 

as described above with the appropriate oligos (Supplementary Oligo Table 1). K562Cas9, P31FUJCas9, THP1Cas9 

and MM1SCas9 were individually transduced and treated with DMSO or 1 µM CR8 (K562Cas9, P31FUJCas9, 

THP1Cas9) or 0.1 µM CR8 (MM1SCas9). The analysis was performed as described above for validation of DDB1 

resistance phenotype. 

 

6.2.19 Protein purification 

Human wild-type and mutant versions of DDB1 (Uniprot entry Q16531), CDK12 (Q9NYV4, K965R) and 

CCNK (O75909) were subcloned into pAC-derived vectors416 and recombinant proteins were expressed as N-

terminal His6, His6-Spy, StrepII or StrepII-Avi fusions in Trichoplusia ni High Five insect cells using the 

baculovirus expression system (Invitrogen)417.  

Wild-type or mutant forms of full-length or beta-propeller B domain deletion (ΔBPB: aa 396-705 

deleted) constructs of His6-DDB1 and StrepII-Avi-DDB1 were purified as previously described for DDB1-

DCAF complexes418. High Five insect cells co-expressing truncated versions of wild-type or mutant His6-

CDK12 (aa 713-1052 or 713-1032) and His6- or His6-Spy-tagged cycK (aa 1-267) were lysed by sonication in 
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50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 10% (v/v) glycerol, 10 mM MgCl2, 10 mM imidazole, 0.25 mM 

tris(2-carboxyethyl)phosphine (TCEP), 0.1% (v/v) Triton X-100, 1 mM phenylmethylsulfonylfluoride (PMSF), 

and 1 x protease inhibitor cocktail (Sigma). Following ultracentrifugation, the soluble fraction was passed over 

HIS-Select Ni2+ affinity resin (Sigma), washed with 50 mM Tris-HCl (pH 8.0), 1 M NaCl, 10% (v/v) glycerol, 

0.25 mM TCEP, 10 mM imidazole and eluted in 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% (v/v) glycerol, 

0.25 mM TCEP, 250 mM imidazole. When necessary, affinity tags were removed by overnight TEV protease 

treatment. In case of HIS-Select Ni2+ affinity purified CDK12-cycK that was not subjected to TEV cleavage, 

the pH of the eluate was adjusted to 6.8 before ion exchange chromatography. StrepII-tagged versions of 

CDK12-cycK were affinity purified using Strep-Tactin Sepharose (IBA) omitting imidazole in lysis, wash and 

elution buffers, supplementing the elution buffer with 2.5 mM desthiobiotin (IBA GmbH), and using 50 mM 

Tris-HCl (pH 6.8) throughout.  

For ion exchange chromatography, affinity purified proteins were diluted in a 1:1 ratio with buffer A 

(50 mM Tris-HCl (pH 6.8), 10 mM NaCl, 2.5% (v/v) glycerol, 0.25 mM TCEP) and passed over an 8 mL Poros 

50HQ column. The flow through was again diluted in a 1:1 ratio with buffer A and passed over an 8 mL Poros 

50HS column. Bound proteins were eluted by a linear salt gradient mixing buffer A and buffer B (50 mM Tris-

HCl (pH 6.8), 1 M NaCl, 2.5% (v/v) glycerol, 0.25 mM TCEP) over 15 column volumes to a final ratio of 80% 

buffer B. Poros 50HS peak fractions containing the CDK12-cycK complex were concentrated and subjected to 

size exclusion chromatography in 50 mM HEPES (pH 7.4), 200 mM NaCl, 2.5% (v/v) glycerol and 0.25 mM 

TCEP. The concentrated proteins were flash frozen in liquid nitrogen and stored at -80°C.  

 

6.2.20 Co-immunoprecipitation assay  

The purified His6-CDK12/StrepII-cycK complex was mixed with equimolar concentrations of full-length His6-

DDB1 or TEV-cleaved DDB1ΔBPB (5 μM) in the presence 5 μM R-CR8 or DMSO in IP buffer (50 mM HEPES 

(pH 7.4), 200 mM NaCl, 0.25 mM TCEP, 0.05% (v/v) Tween-20) containing 1 mg/mL bovine serum albumin. 

The solution was added to Strep-Tactin MacroPrep beads (IBA GmbH) preequilibrated in IP buffer and 

incubated for 1 hour at 4°C on an end-over-end shaker. The beads were extensively washed with IP buffer, and 

the bound protein was eluted with IP buffer containing 2.5 mM desthiobiotin for 1 hour at 4°C on an end-over-

end shaker. Eluted proteins were separated by SDS-PAGE stained with Coomassie Brilliant Blue. 

 

6.2.21 Crystallisation and data collection 

The protein solution for crystallization contained 70 μM TEV-cleaved DDB1ΔBPB, 80 μM R-CR8 and 80 μM 

TEV-cleaved CDK12-cycK in 50 mM HEPES (pH 7.4), 200 mM NaCl, 0.25 mM TCEP. Crystals were grown 

by vapour diffusion in drops containing 0.2 µL DDB1ΔBPB-R-CR8-CDK12713-1052-cycK1-267 complex solution 

mixed with 0.2 µL of reservoir solution containing 0.9 M ammonium citrate tribasic (pH 7.0) in two-well format 

sitting drop crystallization plates (Swissci). Plates were incubated at 19°C and crystals appeared 5-13 days after 

setup. Crystals were flash cooled in liquid nitrogen in reservoir solution supplemented with 25% (v/v) glycerol 
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as a cryoprotectant prior to data collection. Diffraction data were collected at the Swiss Light Source (beamline 

PXI) with an Eiger 16M detector (Dectris) at a wavelength of 1 Å and a crystal cooled to 100 K. Data were 

processed with DIALS, scaled with AIMLESS supported by other programs of the CCP4 suite419, and converted 

to structure factor amplitudes with STARANISO420, applying a locally weighted CC1/2 = 0.3 resolution cut-off. 

 

6.2.22 Structure determination and model building 

The DDB1ΔBPB–R-CR8-CDK12713-1052-cycK1-267 complex formed crystals belonging space group P3121, with 

three complexes in the crystallographic asymmetric unit (ASU). Their structure was determined using molecular 

replacement (MR) in PHASER421 with a search model derived from PDB entry 6H0F for DDB1ΔBPB, and PDB 

entry 4NST for CDK12-cycK. The initial model was improved by iterative cycles of building with COOT422, 

and refinement using phenix.refine423 or autoBUSTER424, with ligand restraints generated using eLBOW through 

phenix.ready_set425. The final model was produced by refinement with autoBUSTER. Analysis with 

MOLPROBITY426 indicates that 93.9 % of the residues in final model are in favourable regions of the 

Ramachandran plot, with 0.6 % outliers. Data processing and refinement statistics are in presented in Table 2.1. 

Interface analysis was performed using PISA372. 

 

6.2.23 Biotinylation of DDB1 

Purified full-length StrepII-Avi-DDB1 was biotinylated in vitro at a concentration of 8 μM by incubation with 

final concentrations of 2.5 μM BirA enzyme and 0.2 mM D-biotin in 50 mM HEPES (pH 7.4), 200 mM NaCl, 

10 mM MgCl2, 0.25 mM TCEP and 20 mM ATP. The reaction was incubated for 1 hour at room temperature 

and stored at 4°C for 14-16 hours. Biotinylated DDB1 (biotinDDB1) was purified by gel filtration chromatography 

and stored at -80°C (~20 μM).  

 

6.2.24 Time-resolved fluorescence resonance energy transfer (TR-FRET) 

Increasing concentrations of Alexa488-SpyCatcher-labelled113 His6-Spy-cycK/His6-CDK12 (Alexa488cycK-

CDK12) were added to a mixture of biotinylated DDB1 (biotinDDB1) at 50 nM, terbium-coupled streptavidin at 

4 nM (Invitrogen) and kinase inhibitors at 10 µM (final concentrations) in 384-well microplates (Greiner, 

784076) in a buffer containing 50 mM Tris (pH 7.5), 150 mM NaCl, 0.1 % pluronic acid and 0.5% DMSO. CR8 

titrations were carried out by adding increasing concentrations CR8 (0-25 μM) into premixed 500 µM 

Alexa488cycK-CDK12, 50 nM biotinDDB1, and 4 nM terbium-coupled streptavidin. Before TR-FRET 

measurements, reactions were incubated for 15 minutes at room temperature. After excitation of terbium (Tb) 

fluorescence at 337 nm, emissions at 490 nm (Tb) and 520 nm (Alexa488) were measured with a 70 μs delay 

to reduce background fluorescence and the reactions were followed by recording 60 data points of each well 

over 1 hours using a PHERAstar FS microplate reader (BMG Labtech). The TR-FRET signal of each data point 

was extracted by calculating the 520:490 nm ratio. Data were analysed with Prism 7 (GraphPad) assuming 

equimolar binding of biotinDDB1 to Alexa488cycK-CDK12 using the equations described previously8.  
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Counter titrations with unlabelled proteins were carried out by mixing 500 µM Alexa488cycK-CDK12 

with 50 nM biotinDDB1 in the presence of 4 nM terbium-coupled streptavidin and 1 µM compound for DDB1 

titrations or 12.5 µM compound for CDK12 titrations. After incubation for 15 minutes at room temperature, 

increasing amounts of unlabelled cycK-CDK12 or DDB1 (0-10 μM) were added to the preassembled 

Alexa488cycK-CDK12/biotinDDB1 complexes in a 1:1 volume ratio and incubated for 15 minutes at room 

temperature. TR-FRET data were acquired as described above. The 520/490 nm ratios were plotted to calculate 

the half maximal inhibitory concentrations (IC50) assuming a single binding site using Prism 7 (GraphPad). IC50 

values were converted to the respective Ki values as described previously427. Three technical replicates were 

carried out per experiment.  

 

6.2.25 DDB1-CUL4-RBX1 reconstitution and in vitro CUL4 neddylation 
In vitro CRL4 reconstitution and CUL4 neddylation were performed as described44. His6-CUL4A/His6-RBX1 

at 3.5 µM was incubated with His6-DDB1 at 3 µM in a reaction mixture containing 3.8 μM NEDD8, 50 nM 

NAE1/UBA3 (E1), 30 nM UBC12 (E2), 1 mM ATP, 50 mM Tris (pH 7.5), 100 mM NaCl, 2.5 mM MgCl2, 0.5 

mM DTT and 5 % (v/v) glycerol for 1.5 hours at room temperature. Neddylated and gel filtration-purified 

DDB1-CUL4-RBX1 (N8DDB1-CUL4-RBX1) was concentrated to 7.6 μM, flash frozen and stored at -80°C.  

 

6.2.26 In-vitro ubiquitination assays  

In vitro ubiquitination was performed by mixing N8DDB1-CUL4-RBX1 at 70 nM with a reaction mixture 

containing kinase inhibitors at 2 μM, CDK12-cycK at 500 nM, E1 (UBA1, BostonBiochem) at 50 nM, E2 

(UBCH5a, BostonBiochem) at 1 μM, and ubiquitin at 20 μM. Reactions were carried out in 50 mM Tris (pH 

7.5), 150 mM NaCl, 5 mM MgCl2, 0.2 mM CaCl2, 1 mM ATP, 0.1 % Triton X-100 and 0.1 mg/mL BSA, 

incubated for 0-30 minutes at 30°C and analysed by western blot using anti-cycK and anti-rabbit IgG antibodies. 

Blots were scanned on an Amersham 600 CCD-based imaging system (GE Life Sciences). 

 

6.2.27 Isothermal titration calorimetry (ITC) 

ITC experiments were performed at 25°C on a VP-ITC isothermal titration calorimeter (Microcal Inc.). Purified 

and TEV-cleaved CDK12-cycK and DDB1ΔBPB were exhaustively dialysed in 50 mM HEPES (pH 7.4), 

150 mM NaCl, 0.25 mM TCEP, 0.5 % DMSO and loaded into the sample cell at a final concentration of 10-50 

μM. Kinase inhibitors (CR8 or roscovitine) were diluted from a 100 mM DMSO stock solution to 100-500 µM 

in buffer containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 0.25 mM TCEP. The final DMSO concentration 

was 0.5 %. Titrations with 100-500 μM compound were performed typically through about 30 injections of 6-

10 μL at 210 second intervals from a 300 μL syringe rotating at 300 rpm. An initial injection of the ligand (4 

µL) was made and discarded during data analysis. For probing DDB1-CDK12-cycK complex formation, 

DDB1ΔBPB (100 µM, in the syringe) was titrated into the cell containing CDK12-cycK (10 µM) or CDK12-cycK 

(10 µM) pre-incubated with CR8 (30 µM). The heat change accompanying the titration was recorded as 
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differential power by the instrument and determined by integration of the peak obtained. Titrations of ligand to 

buffer only and buffer into protein were performed to allow baseline corrections. The heat change was fitted 

using nonlinear least-squares minimization to obtain the dissociation constants, Kd, the enthalpy of binding, ΔH, 

and the stoichiometry, n. Between one and three replicates were performed per titration.  

 

6.2.28 Bioluminescence Resonance Energy Transfer (BRET) analyses 

Bioluminescence resonance energy transfer (BRET) experiments were using a NanoBRET PPI starter kit 

(Promega N1821) according to the manufacturer’s instructions and as previously described428. 

 

6.2.29 Drug sensitivity assays 

HEK293TCas9 cells were resuspended at 0.15 x 106 per mL and plated on a 384 well plate with 50 µl per well 

and MLN4924, MLN7243 or MG132 with or without CR8 serially diluted with D300e Digital Dispenser (Tecan 

Inc.). HEK293TCas9 cells (0.625 x 106 cells/6 well plate format) were seeded the day before transfection. The 

following day, 2.5 ug of pRSF91-GFP or pRSF91-CRBN109 plasmid DNA was mixed with 250 µl OptiMem 

and 7.5 µl TransIT-LT1 (Mirus Bio) according to manufacture protocol. 48 hours post transfection cells were 

resuspended at 0.15 x 106 cells /mL and plated on a 384 well plate with 50 µl per well. HEK293TCas9 cells were 

transduced with sgRNAs targeting either DDB1 or Luciferase in pXPR003 backbone (GPP). After nine days of 

puromycin selection, cells were re-plated into a 96-well format with 2 x 104 cells per well and CR8 and 

Roscovitine were serially diluted with D300e Digital Dispenser (Tecan Inc.). After 3 days of drug exposure, 

cell viability was assessed using the CellTiter-Glo luminescent assay (Promega, G7572) on an EnVision 

Multilabel Plate Reader (Perkin Elmer). Cell viabilities were calculated relative to DMSO controls.  

 

6.2.30 Cyclin K stability reporter analysis with CRBN overexpression  

HEK293TCas9 cells expressing the cycKeGFP degradation reporter were transiently transfected with pLX307-Luc 

or pLX307-CRBN (for flow experiment) as described above and 48 hours post infection treated with CR8 for 

2 hours and analysed by flow cytometry. 

 

 

6.3     Cyclin K degrader SAR (Chapter 3) 

6.3.1 Compounds 
The majority of compound bearing the “DS” prefix were synthesised in-house based on published synthetic 

procedures for related small molecules429–431. Compounds DS22, DS47, DS74 WX3, WX4-INT were 

synthesised by WuXi AppTec (Shanghai, China). Other small molecules were obtained from the following 

commercial vendors: 
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Compound Company Catalogue number 

R-CR8 Tocris 3605 

GSK2250665A Tocris 5401 

Flavopiridol Enzo Life Sciences ALX-430-161-M005 

Roscovitine MedChemExpress HY-30237 

THZ531 MedChemExpress HY-103618 

LDC00067 MedChemExpress HY-15878 

SR-4835 MedChemExpress HY-130250 

Danusertib MedChemExpress HY-10179 

Dinaciclib MedChemExpress HY-10492 

BSJ-4-116 MedChemExpress HY-139039 

21195 Cayman Chemical Company 21195 

919278 ProbeChem PC-35532 

DRF053 Sigma D6946 

dCeMM2 LabNetwork STK119616 

dCeMM3 Enamine Z54609541 

dCeMM4 Enamine Z1126858802 

Z7 Enamine Z200170434 

Z11 Enamine Z27665843 

Z12 Enamine Z225160068 

SNS032 MedChemExpress HY-10008 

NVP-2 MedChemExpress HY-12214A 

 

 

6.3.2 Protein expression and purification 

Human wild-type and mutant versions of DDB1 (Uniprot entry Q16531), CDK12 (Q9NYV4, K965R) and 

CCNK (O75909) were subcloned into pAC-derived vectors416 and recombinant proteins were expressed as N-

terminal His6, His6-Spy, StrepII or StrepII-Avi fusions in Trichoplusia ni High Five insect cells using the 

baculovirus expression system (Invitrogen)417.  

 

6.3.2.1 Expression and purification of DDB1 constructs 

Wild-type or mutant forms of full-length or beta-propeller B domain deletion (ΔBPB: aa 396-705 deleted) 

constructs of His6-DDB1ΔBPB, StrepII-Avi-DDB1, or His6–Spy-DDB1 were purified as previously described 

for DDB1-DCAF complexes418. Briefly, for His-tagged constructs, High Five insect cells expressing the above-

mentioned proteins were lysed by sonication in 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 10% (v/v) glycerol, 

10 mM imidazole, 0.25 mM tris(2-carboxyethyl)phosphine (TCEP), 0.1% (v/v) Triton X-100, 1 mM 
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phenylmethylsulfonylfluoride (PMSF), and 1 x protease inhibitor cocktail (Sigma). Following 

ultracentrifugation, the soluble fraction was passed over HIS-Select Ni2+ affinity resin (Sigma), washed first 

with 50 mM Tris HCl pH 8.0, 500 mM NaCl, 10 % glycerol, 0.5 mM TCEP, 10 mM imidazole, then with 

50 mM Tris HCl pH 8.0, 200 mM NaCl, 10 % glycerol, 0.5 mM TCEP, 10 mM imidazole, and finally eluted in 

50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% (v/v) glycerol, 0.5 mM TCEP, 250 mM imidazole. For 

crystallography, affinity tags were removed by overnight TEV protease treatment at a 1:50 (w/w) ratio. StrepII-

tagged versions of DDB1 were affinity purified using Strep-Tactin Sepharose (IBA) omitting imidazole in lysis, 

wash and elution buffers, supplementing the elution buffer with 2.5 mM desthiobiotin (IBA GmbH), and using 

50 mM Tris-HCl (pH 6.8) throughout. For ion exchange chromatography, affinity purified proteins were diluted 

in a 1:1 ratio with buffer A (50 mM Tris-HCl (pH 8.0), 10 mM NaCl, 2.5% (v/v) glycerol, 0.5 mM TCEP) and 

passed over an 8 mL Poros 50HQ column. Bound DDB1 was eluted by a linear salt gradient mixing buffer A 

and buffer B (50 mM Tris-HCl (pH 8.0), 1 M NaCl, 2.5% (v/v) glycerol, 0.5 mM TCEP) over 15 column 

volumes to a final ratio of 60% buffer B. DDB1-containing fractions were concentrated and subjected to size 

exclusion chromatography in 50 mM HEPES (pH 7.4), 200 mM NaCl, 2.5% (v/v) glycerol and 0.5 mM TCEP. 

Peak fractions were concentrated (to a final concentration of circa 200 µM for DDB1ΔB and 30 µM for full-

length DDB1), flash frozen in liquid nitrogen and stored at -80°C or directly used in crystallisation trials.  

 

6.3.2.2 Expression and purification of CDK12-cyclin K for biophysical assays 

High Five insect cells were infected with CDK12 and cyclin K viruses at a 2:1 ratio to avoid excess expression 

of cyclin K alone. Cells co-expressing truncated versions of wild-type or mutant His6-CDK12 (aa 713-1052 or 

713-1032) and His6-Spy-tagged or His6-Avi-tagged cycK (aa 1-267) were lysed by sonication in 50 mM Tris-

HCl (pH 6.8), 500 mM NaCl, 10% (v/v) glycerol, 10 mM MgCl2, 10 mM imidazole, 0.25 mM tris(2-

carboxyethyl)phosphine (TCEP), 0.1% (v/v) Triton X-100, 1 mM phenylmethylsulfonylfluoride (PMSF), and 

1 x protease inhibitor cocktail (Sigma). Following ultracentrifugation, the soluble fraction was passed over HIS-

Select Ni2+ affinity resin (Sigma), washed first with 50 mM Tris-HCl (pH 6.8), 1 M NaCl, 10% (v/v) glycerol, 

0.5 mM TCEP, 10 mM imidazole, then with 50 mM Tris HCl pH 6.8, 500 mM NaCl, 10 % (v/v) glycerol, 

0.5 mM TCEP, 10 mM imidazole, and eluted in 50 mM Tris-HCl (pH 6.8), 200 mM NaCl, 10% (v/v) glycerol, 

0.25 mM TCEP, 250 mM imidazole. For biophysical assays, the eluted fractions were directly concentrated and 

passed over a gel filtration column in 50 mM HEPES pH 7.4, 200 mM NaCl, 0.5 mM TCEP, 2.5 % (v/v) 

glycerol. Peak fractions were concentrated to circa 20 µM, flash frozen in liquid nitrogen and stored at -80°C 

 

6.3.2.3 Expression and purification of CDK12-cyclin K for crystallography 

High Five insect cells were infected with CDK12 and cyclin K viruses at a 2:1 ratio as described above. Cells 

co-expressing truncated versions of wild-type or mutant StrepII-CDK12 (aa 713-1052) and StrepII-cycK (aa 1-

267) were lysed by sonication in 50 mM Tris-HCl (pH 6.8), 500 mM NaCl, 10% (v/v) glycerol, 10 mM MgCl2, 

10 mM imidazole, 0.25 mM tris(2-carboxyethyl)phosphine (TCEP), 0.1% (v/v) Triton X-100, 1 mM 
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phenylmethylsulfonylfluoride (PMSF), and 1 x protease inhibitor cocktail (Sigma). Following 

ultracentrifugation, the soluble fraction was passed over Strep-Tactin Sepharose affinity resin (IBA), washed 

first with 50 mM Tris-HCl (pH 6.8), 1 M NaCl, 10% (v/v) glycerol, 0.5 mM TCEP, then with 50 mM Tris HCl 

pH 6.8, 500 mM NaCl, 10 % (v/v) glycerol, 0.5 mM TCEP, and eluted in 50 mM Tris-HCl (pH 6.8), 200 mM 

NaCl, 10% (v/v) glycerol, 0.5 mM TCEP, 2.5 mM desthiobiotin (IBA GmbH). Affinity tags were subsequently 

removed by overnight incubation with TEV protease at 1:50 (w/w). Before IEX chromatography, the protein 

solution was diluted in a 1:1 ratio with buffer A (50 mM Tris HCl pH 6.8, 10 mM NaCl, 2.5 % (v/v) glycerol, 

0.5 mM TCEP) and passed over an 8 mL Poros 50HQ column to remove contaminants. To flow-through was 

then again diluted in a 1:1 ratio with buffer A and loaded onto an 8 mL Poros 50HS column. Bound proteins 

were eluted by a linear salt gradient mixing buffer A and buffer B (50 mM Tris-HCl (pH 6.8), 1 M NaCl, 2.5% 

(v/v) glycerol, 0.25 mM TCEP) over 15 column volumes to a final ratio of 80% buffer B. Poros 50HS peak 

fractions containing the CDK12-cycK complex were concentrated and subjected to size exclusion 

chromatography in 50 mM HEPES (pH 7.4), 200 mM NaCl, 2.5% (v/v) glycerol and 0.25 mM TCEP. The 

concentrated proteins (at circa 200 µM) were flash frozen in liquid nitrogen and stored at -80°C or used directly 

in crystallisation trials.  

 

6.3.3 Protein labelling 

6.3.3.1 Labelling with fluorophore-conjugated maleimides 

The SpyTag/SpyCatcher system was employed as a mean of conjugation of the TR-FRET acceptor (Alexa488, 

Alexa647, or Cy5; each in a maleimide form) to the protein of interest as described before113,294. For this, mutant 

(S50C) SpyCatcher protein was purified according to published procedures432 and was reduced by incubation 

with dithiothreitol (DTT) (8 mM) at 4°C for 1 hour. DTT was subsequently removed during a gel filtration step 

in 50 mM HEPES pH 7.4, 200 mM NaCl. Alexa488-C5-maleimide (or equivalent) was dissolved in 100% 

dimethyl sulfoxide (DMSO), mixed with the reduced SpyCatcher at a 4:1 ratio, and incubated for 3 h in a 

vacuum desiccator. The reaction was subsequently quenched with DTT (8 mM), and labelled SpyCatcher was 

purified through size exclusion chromatography in 50 mM HEPES pH 7.4, 200 mM NaCl, 0.5 mM TCEP. 

SpyCatcherAlexa488 was concentrated to ~ 50 μM, flash frozen in liquid nitrogen and stored at -80 °C. Purified 

Spy-tagged DDB1 or CDK12/cyclin K complex was mixed with an equimolar concentration of labelled 

SpyCatcher, incubated for 1 hour at room temperature and the labelling efficiency was monitored via SDS-

PAGE. Labelled proteins were flash frozen and stored at -80°C (~20 μM).  

 

6.3.3.2 Biotinylation 
Conjugation of the TR-FRET donor (Strep-Tb or -Eu) to the protein of interest was achieved through enzymatic 

biotinylation. The biotinylation of purified full-length StrepII-Avi-DDB1 was performed as described before294 

(section 6.2.23). For the biotinylation of His6-CDK12/StrepII-Avi-cyclin K or His6-CDK12 His6/cyclin K-Avi, 

the complex at 20-50 μM was incubated with final concentrations of 2.5 μM BirA enzyme, 0.2 mM D-biotin, 
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and 20 mM ATP in 50 mM HEPES (pH 7.4), 200 mM NaCl, 10 mM MgCl2 and 0.5 mM TCEP. The reaction 

was incubated for 10-12 hours at 4°C and biotinylated complex was purified by gel filtration chromatography 

(in 50 mM HEPES pH 7.4, 200 mM NaCl, 0.5 mM TCEP), concentrated to circa ~10-20 μM, flash frozen and 

stored at -80°C in small aliquots. 

 

6.3.4 TR-FRET assay 

For TR-FRET-based compound evaluation, a mixture of CDK12–cyclin Kbiotin (50 nM), Alexa488DDB1 (100 nM), 

terbium-coupled streptavidin (Invitrogen) (4 nM) in the optimised TR-FRET assay buffer (50 mM HEPES pH 

7.4, 150 mM NaCl, 0.005% Tween 20, 0.5% DMSO, 0.05% BSA, 1 mM TCEP, 2 mM EDTA) was plated in a 

white 384-well microplate (Greiner, 784075) at a volume of 6 µL per well. Compounds were then dispensed 

digitally from DMSO stocks using the D300 dispenser (Tecan) to yield a 13-point dilution series of each small 

molecule, with the highest final concentration of 20 µM for poor molecular glues and 2 µM for potent 

compounds.  

TR-FRET measurements were carried out using a PHERAstar FS microplate reader (BMG Labtech) 

equipped with a 337-520-490 filter set and 60 cycles were recorded over 1 h. A 70-μs delay was employed to 

reduce background fluorescence. The TR-FRET signal was obtained through calculating the ratio of 520 nm to 

490 nm fluorescence and Prism 9 (GraphPad) was used for further data analysis.  The curves resulting from 

plotting the TR-FRET against compound concentration were fitted using (Equation 6.1) in order to determine 

the half maximal effective concentrations (EC50). 

 

Y = Bottom +
?x,-../.012A ∗ (𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)

𝐸𝐶3$
,-../.012 +	x,-../.012 	

  

Equation 6.1. [Agonist] vs. response equation from GraphPad Prism 9. Top and Bottom refer to the curve plateaus.   

 

 

Equation 6.2. A quadratic binding equation used for Kd determination. Top and Bottom refer to the curve plateaus. Ligand 
concentration (L) was constrained to 50 nM. 

 

6.3.5 DDB1-CUL4-RBX1 reconstitution and in vitro CUL4 neddylation 
In vitro CRL4 reconstitution and CUL4 neddylation were performed as described in section 6.2.2544. Briefly, 

His6-CUL4A/His6-RBX1 at 3.5 µM was incubated with His6-DDB1 at 3 µM in a reaction mixture containing 

For dissociation constant (Kd) determination, Equation 6.2 was used:		

	

Y = Bottom + (Top − Bottom)	M
𝐾4 + 𝐿 + 𝑥 − Q((𝐾4 + 𝐿 + 𝑥)5 − 4𝐿𝑥)

2𝐿
T 
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3.8 μM NEDD8, 50 nM NAE1/UBA3 (E1), 30 nM UBC12 (E2), 1 mM ATP, 50 mM Tris (pH 7.5), 100 mM 

NaCl, 2.5 mM MgCl2, 0.5 mM DTT and 5 % (v/v) glycerol for 1.5 hours at room temperature. Neddylated and 

gel filtration-purified DDB1-CUL4-RBX1 (N8DDB1-CUL4-RBX1) was concentrated to 5-15 μM, flash frozen 

and stored at -80°C.  

 

6.3.6 Crystallographic methods 

6.3.6.1 Crystallisation and data collection  

A crystallisation solution of purified and TEV-cleaved DDB1ΔB (70 µM), CDK12-cyclin K (80 µM) and 

compound (80-120 µM) in SEC buffer (50 mM HEPES 7.4, 200 mM NaCl, 0.25 mM TCEP) was set up in two-

drop 96-well plates (Swissci) for sitting-drop crystallization. A liquid handling system Phoenix (Art Robbins 

Instruments, Dunn Labortechnik GmbH) was used to pipette crystallization drops containing 200 nL of the 

protein complex solution mixed with 200 nL of reservoir solution. The plates were incubated at 20 °C and initial 

crystal formation was usually observed within two to five days.  

Four different fine screens were formulated around the two conditions in which the DDB1ΔB-CDK12-

cyclin K-CR8 complex originally crystallised (0.9 M ammonium citrate tribasic pH 7.0 or 1.4 M ammonium 

sulphate, 70 mM HEPES pH 7.0) (Figure 6.2). 
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Figure 6.2. Fine screens employed in crystallization trials. a, Ammonium sulphate pH grid screen, with the precipitant 
concentration increasing within rows from left to right and the pH increasing within columns from top to bottom. b, Dual 
precipitant (ammonium sulphate - ammonium citrate tribasic) screen. In the upper half of the plate (rows A-D), the 
concentration of ammonium sulphate decreases from left to right, whereas that of ammonium citate increases. In the lower 
half (rows E-H), an analogous strategy was employed but at different precipitant concentrations. c, Additive screen with 
ammonium citrate tribasic (0.9 M, pH 7.0) supplemented with commercially available additives in a 96-well plate format 
(HR2-138, Hampton Research). d, as in (c) but instead supplemented with the Silver Bullet additive screen (HR2-096, 
Hampton Research)    
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Figure 6.3. Crystal morphology. View of the pre-harvest drop (usually day 8 after plating) for the best-diffracting crystals 
for each compound.  
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Figure 6.4. Timeline of crystal growth illustrated for an example compound DS22. Crystals were usually harvested on 
days 9-10. The scale bar corresponds to 800 µm and the drop has a volume of 400 nL.  

 

Crystals designated for data collection were cryoprotected by supplementing the 400 nL drop with 1 µL 

of reservoir solution containing ethylene glycol (25 % (v/v)) as cryoprotectant. Crystals were flash frozen in 

liquid nitrogen. Diffraction data collection was performed at the Swiss Light Source (SLS, Paul-Scherrer-

Institute, Villigen, Switzerland) beamline PXII (X10SA) equipped with an Eiger2 16M detector (Dectris). The 

wavelength was set to 1 Å and the crystal was cooled to 100 K in a liquid nitrogen cryo-jet.  

 

6.3.6.2  Structure determination and model building 
Pipedream (GlobalPhasing Ltd.) was used to execute the following steps automatically. Data processing was 

performed using XDS433. Space group determination has been done through POINTLESS419 and datasets were 

merged and scaled with AIMLESS419. Intensities were converted into structure factor amplitudes with 

STARANISO (Global Phasing)277 by applying a weighted CC1/2 = 0.3 resolution cut-off. 

The structures of the different DDB1ΔB-CDK12-cyclin K-compound complexes were solved by means of 

molecular replacement with PHASER421 using a previously solved structure of the complex induced by CR8 
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(PDB 6TD3294; with ligand deleted) as the search model. Reciprocal space refinement was performed using 

phenix.refine423, followed by iterative real space refinement in COOT422. Ligand restrains were generated with 

jligand434. In case of ambiguous ligand density, additional simulations were performed with ISOLDE435 to 

inform on the preferred ligand conformation. Structure validation was carried out with Molprobity436, and 

visualizations were generated with PyMol (Schrödinger). Interface analysis was performed using PISA372 and 

pocket dimensions were evaluated using CASTp437. 

 

6.3.7 Ligand docking 
Ligand docking at the DDB1-CDK12 interface (structure 6TD3294 minimised using OPLS3e force field, 

processed for receptor grid generation using default settings, and with the CR8 ligand removed) was performed 

with Glide (Schrödinger)438. For docking of the cyclin K degrader set evaluated in the study, ligands were input 

as a SMILE strings, prepared using LigPrep (OPLS3e force field), and docked using XP precision439.  

For the R2 group screen, CR8 derivatives with a library of 26,736 R2 groups possessing commercially 

available precursors was docked at the DDB1-CDK12 interface. Briefly, the “In-Stock Decorators” library was 

downloaded from chem-space.com and filtered for aliphatic primary amines with the ligfilter module using 

LigPrep. The r_group_enumeration tool was then used to exchange the R2 aminobutanol moiety in the CR8 

ligand for the generated primary amine fragments from the previous LigPrep step. Docking was performed with 

SP precision.      

For the docking of a kinase inhibitor library, a kinase inhibitor catalogue containing commercially 

available compounds was downloaded from ZINC, prepared using LigPrep (OPLS3e force field), and a database 

was created using Phase (Schrödinger). The library was docked with HTVS precision. 

 

6.3.8 Lanthascreen kinase binding assay 
Lanthascreen experiments were performed using commercially available reagents (Thermo Fischer) and 

according to manufacturer’s instructions. Briefly, a His-tagged kinase (CDK2-cyclin A, CDK9-cyclin T, or 

CDK12-cyclin K at a final concentration of 5 nM) was mixed with a biotin anti-His antibody (PV6089; final 

concentration of 2 nM), Lanthascreen Europium-Streptavidin (PV5899; 2 nM), and Tracer 236 (PV5899; final 

concentration of 30 nM for CDK9, 100 nM for CDK2 and 200 nM for CDK12) in kinase buffer A (PV3189). 

A serial dilution of a test compound from a DMSO stock was prepared in kinase buffer A. The kinase solution 

and compound dilution series were mixed in a black 384-well microplate (Greiner, 784076) to a final volume 

of 12-15 µL. After excitation of europium (Eu) fluorescence at 337 nm, emissions at 665 nm (Eu) and 620 nm 

(Alexa647) were measured with a 100 μs delay to reduce background fluorescence and the reactions were 

followed over 60 minutes using a PHERAstar FS microplate reader (BMG Labtech). TR-FRET signal was 

calculated through the 665:620 nm ratio and data were analysed with Prism 9 (GraphPad) using Equation 6.3 

 



 204 

Y = Bottom +
(𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚)

1 +	IC3$𝑥
,-../.012

	
 

Equation 6.3. [Inhibitor] vs. response equation from GraphPad Prism 9. Top and Bottom refer to the curve plateaus. 

 

6.3.9 Mammalian cell culture 
The human HEK293T cell lines were provided by the Genetic Perturbation Platform, Broad Institute and MDA-

MB-231 cells were purchased from ATCC. HEK293T cell line were mycoplasma-negative and authenticated 

by STR profiling. HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM (Gibco) with 

10% foetal bovine serum (FBS) (Invitrogen), glutamine (Invitrogen) and penicillin–streptomycin (Invitrogen) 

at 37 °C and 5% CO2.  

 

6.3.10 Reporter vectors 

The following reporters were used in this study: Cilantro 2 (PGK.BsmBICloneSite-10aaFlexibleLinker-

eGFP.IRES.mCherry.cppt.EF1α.PuroR, Addgene #74450) for cyclin K degradation assay as previously 

reported294. 

 

6.3.11 Cyclin K reporter stability analysis 

HEK293T-Cas9 cells expressing the cyclin K - eGFP degradation reporter were resuspended at 1 × 106 per mL 

and 50 µL of cell suspension was seeded in non-cell culture treated 384-well plates. Shortly after, cells were 

treated with drug or DMSO for 5h. Subsequently, cells were fixed with 50 µL of 4% paraformaldehyde solution 

(Chem Cruz, sc-281692) and stored at 4oC. The fluorescent signal was quantified by flow cytometry 

(LSRFortessa flow cytometer, BD Biosciences). Using FlowJo (flow cytometry analysis software, BD 

Biosciences), the geometric mean of the eGFP and mCherry fluorescent signal for round and mCherry-positive 

cells was calculated. The ratio of eGFP to mCherry was normalised to the average of three DMSO-treated 

controls. 

 

6.3.12 Drug sensitivity assays 

HEK293T-Cas9 cells were resuspended at 0.15 × 106 per ml treated with DMSO or 100 nM MLN4924 and 

plated on 384-well plates. After 2h, the indicated drugs were dispensed with a D300 digital dispenser (Tecan). 

After three days of drug exposure, cell viability was assessed using the CellTiter-Glo luminescent assay 

(Promega, G7572) on an CLARIOstar Plus, MARS 3.4 (BMG LabTech). Cell viabilities were calculated 

relative to DMSO controls. The half-maximum effective concentration (EC50) values were derived from 

standard four-parameter log-logistic curves fitted with the ‘dr4pl’ R package. 
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6.3.13 Label-free quantitative mass spectrometry 

6.3.13.1   Sample preparation  

MDA-MB-231 cells were treated with DMSO or a cyclin K degrader compound at 1 µM for 5 hrs. Cells were 

harvested by centrifugation and washed with phosphate buffered saline (PBS) before snap freezing in liquid 

nitrogen. Cells were lysed by addition of lysis buffer (8 M Urea, 50 mM NaCl, 50 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (EPPS) pH 8.5, Protease and Phosphatase inhibitors) and homogenization by bead 

beating (BioSpec) for three repeats of 30 seconds at 2400. Bradford assay was used to determine the final protein 

concentration in the clarified cell lysate. 50 µg of protein for each sample was reduced, alkylated and 

precipitated using methanol/chloroform as previously described116 and the resulting washed precipitated protein 

was allowed to air dry. Precipitated protein was resuspended in 4 M Urea, 50 mM HEPES pH 7.4, followed by 

dilution to 1 M urea with the addition of 200 mM EPPS, pH 8. Proteins were first digested with LysC (1:50; 

enzyme:protein) for 12 h at RT. The LysC digestion was diluted to 0.5 M Urea with 200 mM EPPS pH 8 

followed by digestion with trypsin (1:50; enzyme:protein) for 6 h at 37 °C. Sample digests were acidified with 

formic acid to a pH of 2-3 prior to desalting using C18 solid phase extraction plates (SOLA, Thermo Fisher 

Scientific). Desalted peptides were dried in a vacuum-centrifuged and reconstituted in 0.1% formic acid for LC-

MS analysis. 

Data were collected using a TimsTOF Pro2 (Bruker Daltonics, Bremen, Germany) coupled to a 

nanoElute LC pump (Bruker Daltonics, Bremen, Germany) via a CaptiveSpray nano-electrospray source. 

Peptides were separated on a reversed-phase C18 column (25 cm x 75 µm ID, 1.6 µM, IonOpticks, Australia) 

containing an integrated captive spray emitter. Peptides were separated using a 50 min gradient of 2 - 30% 

buffer B (acetonitrile in 0.1% formic acid) with a flow rate of 250 nL/min and column temperature maintained 

at 50 ºC. 

DDA was performed in Parallel Accumulation-Serial Fragmentation (PASEF) mode to determine 

effective ion mobility windows for downstream diaPASEF data collection440. The ddaPASEF parameters 

included: 100% duty cycle using accumulation and ramp times of 50 ms each, 1 TIMS-MS scan and 10 PASEF 

ramps per acquisition cycle. The TIMS-MS survey scan was acquired between 100 – 1700 m/z and 1/k0 of 0.7 

- 1.3 V.s/cm2. Precursors with 1 – 5 charges were selected and those that reached an intensity threshold of 20,000 

arbitrary units were actively excluded for 0.4 min. The quadrupole isolation width was set to 2 m/z for m/z <700 

and 3 m/z for m/z >800, with the m/z between 700-800 m/z being interpolated linearly. The TIMS elution 

voltages were calibrated linearly with three points (Agilent ESI-L Tuning Mix Ions; 622, 922, 1,222 m/z) to 

determine the reduced ion mobility coefficients (1/K0). To perform diaPASEF, the precursor distribution in the 

DDA m/z-ion mobility plane was used to design an acquisition scheme for DIA data collection which included 

two windows in each 50 ms diaPASEF scan. Data was acquired using sixteen of these 25 Da precursor double 

window scans (creating 32 windows) which covered the diagonal scan line for doubly and triply charged 

precursors, with singly charged precursors able to be excluded by their position in the m/z-ion mobility plane. 

These precursor isolation windows were defined between 400 - 1200 m/z and 1/k0 of 0.7 - 1.3 V.s/cm2. 
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6.3.13.2   LC-MS data analysis 

The diaPASEF raw file processing and controlling peptide and protein level false discovery rates, assembling 

proteins from peptides, and protein quantification from peptides was performed using directDIA analysis in 

Spectronaut 14 (Version 15.5.211111.50606, Biognosys). DirectDIA mode includes first extracting the DIA 

data into a collection of MS2 spectra which are searched using Spectronaut’s Pulsar search engine. The search 

results are then used to generate a spectral library which is then employed for the targeted analysis of the DIA 

data. MS/MS spectra were searched against a Swissprot human database (January 2021). Database search 

criteria largely followed the default settings for directDIA including: tryptic with two missed cleavages, fixed 

carbomidomethylation of cysteine, and variable oxidation of methionine and acetylation of protein N-termini 

and precursor Q-value (FDR) cut-off of 0.01. Precursor quantification was performed using MS1 areas, cross 

run normalization was set to localised and imputation strategy was set to no imputation. Proteins with poor 

quality data were excluded from further analysis (summed abundance across channels of <100 and mean number 

of precursors used for quantification <2). Protein abundances were scaled using in-house scripts in the R 

framework441 and statistical analysis was carried out using the limma package within the R framework442.  

 

6.3.14 RNA sequencing 

6.3.14.1  Library preparation 

300,000 MDA-MB-231 cells (ATCC) per technical replicate were treated with either 1 or 10 µM of compound 

for 6 h. Pre-treatment of relevant conditions with 0.1µM MLN4924 (MedChemExpress) was performed for 2 h  

prior to compound treatment. RNA extraction was performed using TRIzol (Life Technologies Company) and 

quantified using Qubit (Thermo Fisher Scientific). RNA was then treated with DNase I, quantified using Qubit, 

and evaluated using a High Sensitivity RNA kit on a TapeStation (Agilent). ERCC spike-in (Thermo Fisher 

Scientific) was then added. Total RNA prep, cDNA synthesis, and library preparation was performed based on 

Illumina Stranded Total RNA prep, Ligation with Ribo-Zero protocol (Illumina). RNA was rRNA depleted and 

bead purified using RNAClean XP beads (Beckman Coulter). RNA was then fragmented followed by cDNA 

synthesis and bead-purification using AMPure XP beads (Beckman Coulter, New Jersey, USA). cDNA was 

then dual indexed, amplified, bead purified, evaluated using a DNA 1000 kit (Agilent) on a TapeStation, and 

quantified using a Qubit. Finally, libraries were pooled and sequenced on a NovaSeqS4 (Illumina), using 150bp 

paired-end reads.    

 

6.3.14.2  RNA-seq analysis 

Sequencing reads were aligned to the human genome (H.sapiens-ENSEMBL-GRCh38.r91) and quantified by 

BrowserGenome (https://www.nature.com/articles/nmeth.3615). Differential gene expression analysis was 

performed in R (v4.1.1). In detail, raw counts were imported using the DESeqDataSetFromMatrix function 

implemented in the DESeq2 package (v.1.32.0, 
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https://genomebiology.biomedcentral.com/articles/10.1186/s13059-014-0550-8). After vst transformation and 

normalization using default parameters, normalised transcripts with an average expression lower than 10 across 

all replicates as well as a total overall expression lower than 200 across all samples were filtered out. Principal 

component analysis was performed using all transcripts as input. Differential expressed (DE) genes were 

computed comparing each sample against the DMSO control separately using a significance cut-off of p = 0.05, 

a log2 fold change threshold of 0 and independent hypothesis weighting. Log2 fold change shrunken DE genes 

passing the filtering criteria corresponding to the figure descriptions were displayed using EnhancedVolcano 

(v.1.10.0). 

 

6.4     Fluorescence-based methods (Chapter 4) 

6.4.1 TR-FRET 

TR-FRET experiments were performed in three different titration modes: compound titrations (Chapter 3), 

forward titrations, and counter titrations. The details of buffer composition, protein labels, filter set, plate colour, 

and compound dispensing method employed are specified in individual figure legends.  

 

6.4.1.1 Compound titrations 

For compound titrations into a mixture of labelled protein partners, a two-fold serial dilution of every compound 

was prepared in a chosen TR-FRET assay buffer (variable composition, specified in individual figure legends). 

This dilution series was then added to a mix of labelled CDK12–cyclin K (50 nM), labelled DDB1 (100 nM), 

terbium-coupled streptavidin (Invitrogen) (4 nM) and TR-FRET assay buffer in a 384-well microplate (Greiner, 

784075/6). In every titration mode, 4 µL of the respective dilution series was added to 4 µL of the master mix 

unless otherwise stated. 

TR-FRET measurements were carried out using a PHERAstar FS microplate reader (BMG Labtech) 

providing the possibility to record 60 data points of each well over 1 h, by first exciting donor fluorescence at 

337 nm and then measuring donor and acceptor emissions at the appropriate wavelengths with a 70-μs delay to 

reduce background fluorescence. TR-FRET signal was obtained through calculating the ratio of donor to 

acceptor fluorescence and Prism 9 (GraphPad) was used for further data analysis. For compound titrations, the 

resulting curves were fitted using an [Agonist] vs. response–equation (Equation 6.1) to determine the half 

maximal effective concentrations (EC50). 

 

6.4.1.2 Forward titrations 

In the forward titration mode, a serial dilution of labelled DDB1 (2-2.5 µM highest concentration), was prepared 

in TR-FRET assay buffer. The dilution series was titrated into a mix of labelled CDK12–cyclin K (50 nM), a 

test compound (10 µM) and terbium-coupled streptavidin (Invitrogen) (4 nM) in TR-FRET assay buffer in a 

384-well microplate (Greiner, 784075/6). In the case of forward titrations, the data were also fitted with 

Equation 6.1 to determine EC50 values.   
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6.4.1.3 Counter titrations 

Counter titrations with unlabelled proteins were carried out by mixing labelled CDK12–cyclin K (50 nM), 

DDB1 (100 nM), the compounds to be tested (10 µM) and terbium-coupled streptavidin (Invitrogen) (4 nM) in 

TR-FRET assay buffer. After incubation for 15 minutes at room temperature, increasing amounts of unlabelled 

DDB1 (0-20 μM) were added. TR-FRET data were acquired as described above and the 520/490 nm ratios were 

plotted to calculate the half maximal inhibitory concentrations (IC50) using Equation 6.3 from Prism 9 

(GraphPad).  

 

6.4.2 Interactions of Oct4-Sox2 with DNA and nucleosomes 

6.4.2.1 Human octamer histones expression, purification, and reconstitution  

Human histones were expressed and purified as described previously443. Lyophilised histones were mixed at 

equimolar ratios in 20 mM Tris-HCl (pH 7.5) buffer, containing 7 M guanidine hydrochloride and 20 mM 2-

mercaptoethanol. Samples were dialyzed against 10 mM Tris-HCl (pH 7.5) buffer, containing 2 M NaCl, 1 mM 

EDTA, and 2 mM 2-mercaptoethanol. The resulting histone complexes were purified by size exclusion 

chromatography (Superdex 200; GE Healthcare). 

 

6.4.2.2 DNA preparation 

DNA for medium to large scale individual nucleosome purifications was generated by Phusion (Thermo Fisher) 

PCR amplification (on average 2 x 96 well plates) or large-scale plasmid purification (GigaPrep, Invitrogen) 

followed by EcoRV-HF (New England Biosciences) blunt-end restriction enzyme cleavage. The resulting DNA 

fragment was purified by a monoQ column (GE Healthcare). The unmodified 601 Widom sequence was purified 

with a large-scale plasmid purification using a high copy plasmid containing 32 copies of the 601 sequence 

previously cloned into pUC19 vector444,445. All purified DNA was concentrated and stored at -20°C in 10 mM 

Tris-HCl pH 7.5 until use. 

 

6.4.2.3 Nucleosome assembly 

The DNA and the histone octamer complex were mixed in a 1:1.5 molar ratio in the presence of 2 M KCl. The 

samples were dialyzed against refolding buffer (RB) high (10 mM Tris-HCl (pH 7.5), 2 M KCl, 1 mM EDTA, 

and 1 mM DTT). The KCl concentration was gradually reduced from 2 M to 0.25 M using a peristaltic pump 

with RB low (10 mM Tris-HCl (pH 7.5), 250 mM KCl, 1 mM EDTA, and 1 mM DTT) at 4°C. Samples were 

further dialyzed against RB low buffer at 4°C overnight. After dialysis, nucleosomes were incubated at 55°C 

for 2 hours. Large scale assemblies of individual nucleosomes were purified by on a monoQ 5/50 ion exchange 

gradient (GE Healthcare) and desalted using a Zeba spin column (Thermo Fisher) into 20mM Tris-HCl pH 7.5 

and 500 µM TCEP and stored at 4°C. 
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6.4.2.4 Protein expression and purification of OCT4 and SOX2 

Human full-length OCT4 (residues 1 – 360), OCT4 DNA binding domain (residues 134-290) or human SOX2 

DNA binding domain (residues 37 – 118) were subcloned into pAC-derived vectors411 containing an N-terminal 

StrepII tag. An additional N-terminal EGFP tag and C-terminal sortase-6XHIS tag (LPETGGHHHHHH) were 

fused in frame with OCT4 full-length to improve purification and was also used for cryo-EM sample 

preparation. Recombinant proteins were expressed in 2- 4 L cultures of Trichoplusia ni High Five cells using 

the Bac-to-Bac system (Thermo Fisher). Cells were cultured at 27°C, harvested 2 days after infection, 

resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 1M NaCl, 100 µM phenylmethylsulfonyl fluoride, 1 × 

protease inhibitor cocktail (Sigma), 250 µM TCEP), and lysed by sonication. The supernatant was harvested, 

and the proteins were purified by Streptactin affinity chromatography (IBA), and then purified by Heparin ion 

exchange chromatography (GE Healthcare). All proteins were further purified by size exclusion 

chromatography (Superdex 200; GE Healthcare) in GF buffer (20 mM HEPES pH 7.4, 150 mM NaCl, 5% 

glycerol, 500 µM TCEP) as a last purification step. The purified proteins were concentrated and stored at -80°C. 

 

6.4.2.5 Determination of OCT4 and/or SOX2 binding affinity for DNA by FP forward titrations 

Flc-labelled DNA containing the canonical OCT4-SOX2 motif (5ʹ-Flc-GACCTTTGTTATGCAAATTAA-3ʹ) 

was used as a fluorescent tracer. Increasing amounts of OCT4 or SOX2 (0.3-2500 nM) were mixed with tracer 

(10 nM final concentration) in a 384-well microplate (Greiner, 784076) and incubated for 15 min at room 

temperature. The interaction was measured in a buffer containing 15 mM HEPES pH 7.4, 250 µM TCEP, 75 

mM NaCl, 10 mM KCl, 1 mM MgCl2, 0.1% (v/v) pluronic acid. Changes in fluorescence polarization were 

monitored by a PHERAstar FS microplate reader (BMG Labtech) equipped with a fluorescence polarization 

filter unit. The polarization units were converted to fraction bound as described previously446. The fraction 

bound was plotted versus OCT4 or SOX2 concentration and fitted assuming a one-to-one binding model to 

determine the dissociation constant (Kd) using Prism 7 (GraphPad). Since the oligonucleotide that was used 

contained a fluorescent label, we refer to these as apparent Kd (Kd (app)). All measurements were performed in 

triplicates. 

 

6.4.2.6 Determination of OCT4 and/or SOX2 binding affinity for nucleosomes by FP counter titrations 

For the competitive titration assays, the OCT4 or SOX2 bound to the fluorescent oligo tracer was backtitrated 

with unlabelled oligo or nucleosomes containing the canonical motif at different sites. The competitive titration 

experiments were carried out by mixing tracer (10 nM), OCT4 (300 nM) or SOX2 (150 nM) and increasing 

concentration of different nucleosomes or DNA (0 - 3.2µM). The fraction bound vs. the nucleosome or DNA 

concentration were fitted with a nonlinear regression curve to obtain the IC50 values in Prism 7 (GraphPad) 

(Equation 6.3). Two to three technical replicates were measured for each reaction. We note that the assay does 

not allow us to differentiate between a specific and nonspecific contribution to the binding.  
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6.4.3 Interactions of cGAS with DNA and nucleosomes 

6.4.3.1 Determination of cGAS binding affinity for DNA by fluorescence polarisation forward titrations 

Flc-labelled 21-bp dsDNA oligonucleotide (5ʹ-Flc-GACCTTTGTTATGCAACCTAA-3ʹ) was used as a 

fluorescent tracer. Increasing amounts of WT or K394E cGAS (0.3–2500 nM) were mixed with tracer (10 nM 

final concentration) in a 384-well microplate (784076, Greiner) at room temperature. The interaction was 

measured in a buffer containing 20 mM HEPES pH 7.4, 500 μM TCEP, 40 mM NaCl, 10 mM KCl and 0.1 % 

(v/v) pluronic acid. PHERAstar FS microplate reader (BMG Labtech) equipped with a fluorescence polarization 

filter unit was used to determine the changes in fluorescence polarization. The polarization units were converted 

to fraction bound as described previously446. The fraction bound was plotted versus cGAS concentration and 

fitted assuming a 1:1 binding model to determine the dissociation constant (Kd) using Prism 7 (GraphPad). Since 

the oligonucleotide that was used contained a fluorescent label, we refer to these as apparent Kd (Kapp). All 

measurements were performed in triplicates.  

 

6.4.3.2 Determination of cGAS binding affinity for nucleosomes by fluorescence polarisation counter-

titrations 

For the competitive titration assays, the cGAS bound to the fluorescent oligo tracer was backtitrated with 

unlabelled dsDNA (21, 147, 167 and 227 bp) or nucleosomes (146, 167 and 227 bp). These counter-titration 

experiments were carried out by mixing tracer (10 nM) and cGAS (300 nM), and titrating increasing 

concentration of the unlabelled competitor (0–2.5 μM). The fraction bound was plotted versus competitor 

concentration and the data were fitted with a non-linear regression curve to obtain the IC50 values in Prism 7 

(GraphPad) (Equation 6.3). At least two technical replicates were performed per experiment. 
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aa amino acid 

ADP adenoside diphosphate 

AMP adenoside monophosphate 

ANOVA analysis of variance 

APC Anaphase Promoting Complex 

ATP adenoside triphosphate 

BET Bromodomain and Extra-Terminal 

BFP blue fluorescent protein 

BLI biolayer interferometry 

BPA/B/C B-propeller A/B/C 

BRCA BReast CAncer gene 

BRET Bioluminescence Resonance Energy Transfer 

CDK cyclin-dependent kinase 

cGAMP 2′3′-Cyclic GMP-AMP 

CK1⍺	 casein kinase 1⍺	

CN copy number 

CRL cullin-RING ligase 

CSN COP9 signalosome 

CTD C-terminal domain 

cycK cyclin K 

DBD DNA-binding domain 

DC50 
concentration at which 50% of the maximal 

degradation is observed 

DCAF DDB1-CUL4 associated factor 

DDB1/2 Damage Specific DNA Binding Protein 1/2 

DDR DNA damage response 

DM1 myotonic dystrophy 

DMEM Dulbecco's Modified Eagle Medium 

DMSO dimethyl sulfoxide 

dsDNA double-stranded deoxyribonucleic acid 

DTT dithiothreitol 

DUB deubiquitinating enzyme 

EC50 half maximal effective concentration 

EMSA electron mobility shift assays 

FDA Food and Drug Administration 

FDR false discovery rate 

FP fluorescence polarisation 



 238 

FRAP fluorescence recovery after photobleaching 

FTD focal tandem duplications 

GPP Genome Perturbation Platform 

HBA hydrogen bond acceptor 

HLH helix-loop-helix 

HR homologous recombination 

HSC haematopoietic stem cells 

HTS high-throughput screening 

IC50 half maximal inhibitory concentration 

IEX ion exchange 

IFN interferon 

IMiD immunomodulatory drug 

ITC isothermal titration calorimetry 

KSR kinase suppressor of Ras 

MDM2 mouse double minute 2 

MR molecular replacement 

NCP nucleosome core particle 

NGS next-generation sequencing 

NTC non-targeting control 

PARP poly (ADP-ribose) polymerase 

PBS phosphate buffered saline 

PCA principal component analysis 

PCR polymerase chain reaction 

PDB Protein Data Bank 

PEG polyethylene glycol 

PR proline-rich motif 

PROTAC proteolysis targeting chimera 

RBM23/39 RNA Binding Motif Protein 23/39 

RING Really Interesting New Gene 

RNAPII RNA polymerase II 

SAR structure-activity relationship 

SEC size exclusion chromatography 

SeEN-seq Selected Engagement on Nucleosome sequencing 

SLS Swiss Light Source 

SNP single nucleotide polymorphism 

SPR surface plasmon resonance 

TAD transactivation domain 

TBD thalidomide-binding domain 

TF transcription factor 

TNBC triple-negative breast cancer 
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TR-FRET time-resolved Förster resonance energy transfer 

UPS ubiquitin-proteasome system 

VHL von Hippel-Lindau 

WT wild type 

ZF zinc finger 
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Supplementary	Information		
 

The Supplementary Information includes the following data pertaining to Chapter 3:  

 

Table S3.1: Table summarising the key assay data for all putative cyclin K molecular glue degrader compounds 

evaluated. 

Figure S3.1: Supplementary crystallographic data (density). 

Figure S3.2: Supplementary crystallographic data (interaction distances). 

Figure S3.3: Supplementary kinase inhibitory selectivity characterisation data (Lanthascreen).   

 

 

 



Supplementary Table 1. Summary of all assay data for the evaluated compounds.  

Name Structure 

TR-
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Toxicity 
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15.9 14 42 313 645 % 27 n.d. 3664 ✔ ✔ ✔ 7 
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dCeMM2 

 

83.22 633 1423 7084 398 % n.d. n.d. 1113    9 

dCeMM3 

 

263.4 n.d. n.d. n.d. 0 % 2666 n.d. 3020   ✔ 9 

dCeMM4 

 

278.8 1210 2626 n.d. 281 % 6547 n.d. 2459   ✔ 9 

HQ461 

 

42.7 493 1296 3358 159 % n.d. n.d. n.d. ✔ ✔ ✔ 10 

Z7 

 

302.6 n.d. n.d. n.d. 0 % n.d. n.d. 873   ✔ This 
work 

Z11 

 

177.9 436 1066 n.d. 838 % 3218 n.d. n.d.   ✔ This 
work 

Z12 
 

833 3492 1366 2036 49 % 1944 n.d. 2233   ✔ This 
work 

SNS-032 
 

n.d. n.d. 265 207 -22 %       11 

Dinaciclib 

 

n.d. n.d. 17 15 -12 %     ✔  12 

Danusertib 

 

n.d. n.d. n.d. n.d. 0 %       13 

NVP-2 

 

n.d. n.d. 23 18 -22 %       14 

THZ531 
 

n.d. n.d. 271 212 -22 %     ✔  15 

GSK2250665A 

 

n.d. n.d. ? ? ?       16 

N

N N

N
NH

N
O

N
NHCl

Cl

N N

N
NH

NH
N

OO

HN

OS

N

Cl

N

N N

H
N

HN

OS

N

Cl

H
N

N

O
N
S

O
NH

O

N
S

N
S

H
N

O
N

S
HN

N

N

N

O

N
H

ON
Br

N
H

NH
N

O

N

O

O

N

NHO

O N

S
O

N
S

H
N

N

O

O

HN

N

OH

N

N N
HN

N+O
-

N

N
H

O

N

NHN

NO

O

N

N

N
H O

H
N

N
H

O

Cl
N

N
H
N

N
Cl

N

NHO

N
H

O
N

OH

N

N

N

N S

N



BSJ-4-116 

 

n.d. n.d. 155 511 230 %     ✔  17 

THAL-
SNS032 

 

n.d. <50 192 705 267 %     ✔  14 

n.d. refers to measurements were EC50/DC50/IC50 value is higher than the highest compound concentration tested (10 µM). For MLN4924-
mediated cytotoxicity rescue calculation, the value of 10 µM is used in such cases. Asterisk (*) denotes cases where the reporter degradation 
curve could not be fitted due to compound autofluorescence. Question mark (?) indicates cases where the fit was ambiguous for other reasons.   
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DS15 DS16

DS18 DS19

DS17

DS06 DS08 DS11

DS22

DS24 DS30 DS43
Supplementary Figure S3.1. Density map (at the contour level of 1σ) for all ternary complex structures. Density for the small 
molecule, DDB1 residues R907, R928, R947, and CDK12 residues M816 and Y815 is shown.  
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Supplementary Figure S3.1 (cont.). Density map (at the contour level of 1σ) for all ternary complex structures. Density for 
the small molecule, DDB1 residues R907, R928, R947, and CDK12 residues M816 and Y815 is shown.  
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Supplementary Figure S3.1 (cont.). Density map (at the contour level of 1σ) for all ternary complex structures. Density for 
the small molecule, DDB1 residues R907, R928, R947, and CDK12 residues M816 and Y815 is shown.  
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Supplementary Figure S3.2. Key protein-ligand interactions for all ternary complex structures. Distances to other proximal 
residues are also shown where appropriate. Spheres indicate the centre of mass of each aromatic ring in the gluing moiety. 
These centre points were used for the relevant measurements. 
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Supplementary Figure S3.2 (cont.). Key protein-ligand interactions for all ternary complex structures. Distances to other 
proximal residues are also shown where appropriate. Spheres indicate the centre of mass of each aromatic ring in the gluing 
moiety. These centre points were used for the relevant measurements. 
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Supplementary Figure S3.2 (cont.). Key protein-ligand interactions for all ternary complex structures. Distances to other 
proximal residues are also shown where appropriate. Spheres indicate the centre of mass of each aromatic ring in the gluing 
moiety. These centre points were used for the relevant measurements. 



Supplementary Figure S3.3. Lanthascreen data for the indicated compound and kinase. Compound dilutions were performed manually. 
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Supplementary Figure S3.3 (cont.). Lanthascreen data for the indicated compound and kinase. Compound dilutions were performed using a D300 digital 
dispenser (Tecan). 
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SUMMARY

Molecular glue degraders are small, drug-like compounds that induce interactions between an E3 ubiquitin
ligase and a target, which result in ubiquitination and subsequent degradation of the recruited protein. In
recent years, serendipitous discoveries revealed that some preclinical and clinical compounds already
work as molecular glue degraders, with many more postulated to destabilize their targets through indirect
or yet unresolved mechanisms. Here we review strategies by which E3 ubiquitin ligases can be reprog-
rammed by monovalent degraders, with a focus on molecular glues hijacking cullin-RING ubiquitin ligases.
We argue that such drugs exploit the intrinsic property of proteins to form higher-order assemblies, a phe-
nomenon previously seen with disease-causing sequence variations. Modifications of the protein surface
by a bound small molecule can change the interactome of the target protein. By inducing interactions be-
tween a ligase and a substrate, molecular glue degraders offer an exciting path for the development of novel
therapeutics.
INTRODUCTION

Molecular recognition events between two proteins, or between

a protein and a small molecule, are at the heart of every biological

process. Through decades of medicinal chemistry efforts, we

have attained a good understanding of how to find, design,

and optimize protein-ligand interactions (Du et al., 2016; Lin et

al., 2020). Through structural analysis of protein-protein interac-

tions by crystallography and, more recently, cryoelectron micro-

scopy (cryo-EM), we have amassed a multitude of examples of

protein-protein interfaces to learn from, allowing for recent ad-

vances in predicting protein-protein interactions (Cong et al.,

2019; Koukos and Bonvin, 2020; Savojardo et al., 2020). Still

lacking, though, is a more systematic understanding of how

small molecules can remodel, or repurpose, protein-protein in-

terfaces. In drug-discovery efforts, inhibiting protein-protein in-

teractions with small molecules has turned out to be arduous

but not infeasible (Scott et al., 2016). Inducing them, on the other

hand, was long considered impossible (Giordanetto et al., 2014),

but this perception shifted over the last years with the discovery

of molecular glues. The elucidation of the proximity-inducing

properties of macrolides FK506, cyclosporin, and rapamycin

(Liu et al., 1991; Sabatini et al., 1994; Sabers et al., 1995;

Schreiber and Crabtree, 1992) paved the way for the discovery

of numerous compounds with a similar mode of action (Gerry

and Schreiber, 2020). In recent years, molecular glue degrader

drugs that cause target protein degradation via induced prox-

imity with a ubiquitin ligase have attracted particular attention,
1032 Cell Chemical Biology 28, July 15, 2021 ª 2021 Elsevier Ltd.
and will be the focus of this review. Inducing novel interactions

between two proteins with small molecules has already yielded

Revlimid (lenalidomide), one of the most successful anticancer

drugs of our time. While some consider it an isolated happen-

stance, we argue that such interactions can be triggered much

more easily than previously anticipated. We suspect that many

possible low-affinity protein-protein interactions are already

hardwired into protein surfaces and the appropriate small mole-

culemight tip the balance toward amore stable ternary complex.

We reason that understanding and leveraging compound-

induced interactions holds enormous potential for the discovery

of novel drugs.

HIJACKING OF THE UBIQUITIN SYSTEM

Small-molecule-induced proximity is particularly consequential

for E3 ubiquitin ligases. The cullin-RING ligase (CRL) family is

composed of the CRL 1–5 and 7 clades, which together with

�200 substrate receptors are responsible for �20% of protea-

some-mediated protein degradation in the cell (Soucy et al.,

2009). CRLs operate through a dedicated substrate receptor

domain that engages the substrate and connects it directly, or

with the help of an adaptor protein, to the N terminus of the cullin

ligase arm (Dudaet al., 2011; Zimmerman et al., 2010). Through its

C terminus, cullin engages the RBX1/RBX2 subunit, which serves

as the recruitment site for the ubiquitin-loaded E2, allowing for

direct ubiquitin transfer onto the substrate. CRLs ubiquitinate

diverse substrate proteins when brought into direct proximity to

mailto:nicolas.thoma@fmi.ch
https://doi.org/10.1016/j.chembiol.2021.04.009
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Figure 1. Overview of degrader-induced
interfaces
(A) SKP1-TIR1-auxin-IAA7 complex (PDB: 2P1Q)
(Tan et al., 2007).
(B) DDB1-CRBN-pomalidomide-SALL4ZF2 com-
plex (PDB: 6UML) (Matyskiela et al., 2020a). The
G416 Cɑ in the b-hairpin loop of SALL4ZF2 is shown
as a sphere.
(C) DDB1-DDA1-DCAF15-E7820-RBM39 complex
(PDB: 6PAI) (Du et al., 2019).
(D) DDB1-CR8-CDK12-cyclin K complex (PDB:
6TD3) (S1abicki et al., 2020a).
(E) EloB/C-VHL-MZ1-BRD4BD2 complex (PDB:
5T35) (Gadd et al., 2017).
(F) DDB1-CRBN-dBET23-BRD4BD1 complex
(PDB: 6BN7) (Nowak et al., 2018). Bottom panel:
overlay of dBET23- and dBET57-induced confor-
mations of BRD4BD1 (PDB: 6BNB) aligned on
CRBN thalidomide-binding domain (TBD).
In (A) to (F), important interface residues are shown
as sticks. Key interactions are marked with dashed
yellow lines. In (C) and (F), The BPB domain of
DDB1 was omitted for clarity.
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the ligase: CRL4DDB2, for example, is recruited to sites of DNA

damage,where itubiquitinatesnot theDNA lesion itself but various

proteins in the immediate proximity of the lesion (Sugasawa et al.,

2005). This property is exploitedby several virus families, with viral

proteins binding and thereby redirecting ligases to ubiquitinate

neosubstrates to benefit viral replication. Examples include HBx,

which directly binds the CRL4 adaptor DDB1 and leads to the

degradation of the HBV restriction factors SMC5/6 (Li et al.,

2010), and S5V,which brings about degradation of host transcrip-

tion factors (TFs) STAT in an analogous manner (Mahon et al.,

2014). A similar mechanism is observed for substrate receptor hi-

jacking, with the HIV-1 protein Vpr binding the CRL4 substrate re-

ceptor DCAF1 and directing the ligase to ubiquitinate several host

proteins including UNG2 (Ahn et al., 2010), and the adenovirus
Ce
early gene e1a hijacking CRL4DCAF1 to

degrade RUVBL1/2 (Zemke et al., 2020).

The CRL4 clade appears to be particularly

amenable to reprogramming by viruses

and, as detailed below, by drugs. The flex-

ible attachment of the CUL4 ligase arm to

the DDB1 adaptor protein renders the

ligase able to rotate by up to 150� by ther-
mal motion. This gives rise to a larger

search radius and establishes a ubiquitina-

tion zone of about 340 Å 3 110 Å 3 30 Å

from the receptor (Angers et al., 2006;

Fischer et al., 2014), facilitating the search

for lysine residues in non-native sub-

strates. Ubiquitination by proximity was

also observed for other ubiquitin ligases

such as the anaphase-promoting complex

(APC), where grafting the destruction box

of cyclin B onto non-substrate proteins

rendered these subject to APC-mediated

ubiquitination and degradation (Glotzer

et al., 1991; Yamano et al., 1998).

The first biological indication that a small

molecule can induce protein degradation
came from plant hormones (Tan et al., 2007). The phytohormones

auxin and methyl jasmonate were found to bind the plant F-box

CRL receptors (TIR1 and COI1, respectively) and facilitate their

interaction with target proteins, two TFs, resulting in enhanced

degradation of these targets (Sheard et al., 2010; Tan et al.,

2007). Structures revealed that the compact small-molecule hor-

mones, through a small protein-ligand interface, are able to facil-

itate nanomolar target-ligase interactions (Figure 1A). The molec-

ular mechanism of these compounds differs substantially from

that of large macrolides. Phytohormones rely predominantly on

large and complementary protein-protein interfaces, with the rela-

tively small compound/neosubstrate interface conferring suffi-

cient additional binding energy for tight complex formation (Tal

et al., 2020).
ll Chemical Biology 28, July 15, 2021 1033
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BIFUNCTIONAL DEGRADERS AND MOLECULAR GLUES

Following these discoveries, the auxin-inducible degron system

was developed for controlled cellular degradation of non-physio-

logical substrate proteins fused to an IAA7 degron (Nishimura

et al., 2009). The observation that viruses and plants can repro-

gram ubiquitin ligases through induced proximity further sug-

gested that targeted protein degradation does not require protein

engineering and could instead be achieved with appropriately de-

signed compounds. The man-made proof of concept came from

broad successes with rationally designed heterobifunctional

degrader molecules (PROTACs) (Bondeson et al., 2015; Gadd

et al., 2017; Sakamoto et al., 2001; Winter et al., 2015). These

compounds, comprising a ligase-binding ligand and a target-

engaging warhead connected by a linker, position the target in

proximity to the ubiquitin ligase, leading to target ubiquitination

and its proteasomal degradation. As targeted protein degradation

offers multiple advantages over traditional inhibition (Burslem and

Crews, 2020), PROTACs have attracted keen interest from both

academia and industry. Their key advantage is the fact that bi-

functionality allows exchange of the target-binding warhead in a

plug-and-play fashion to inactivate other proteins. This modu-

larity, at the same time, also gives rise to a key shortcoming, as

it renders the compounds comparatively large, making it more

challenging to progress these molecules into the clinic.

Molecular glue degraders, on the other hand, also facilitate

dimerization of a target protein and an E3 ubiquitin ligase but

they are single linker-less scaffolds that induce proximity by

relying on extensive and direct ligase-target protein-protein in-

teractions. These drugs alter the interactome of the ligase or

the target, strengthening or enabling de novo protein-protein in-

teractions, which in the context of a ubiquitin ligase can result in

degradation. In some regards, the difference between molecular

glues and bifunctional degraders is one in degree, not kind, as

PROTACs can also induce extensive direct protein-protein inter-

actions (Chamberlain, 2018; Gadd et al., 2017; Nowak et al.,

2018) (Figure 1). Differences in size and monovalency versus

bivalency remain to distinguish the classes. A significant disad-

vantage of molecular glues is that they are difficult to find and

all have thus far been discovered serendipitously for a given

target, with a notable exception previously reported (Simonetta

et al., 2019). In the following sections we review the known mo-

lecular glue degrader compounds, focusing on examples that

have been structurally characterized to date, and suggest strate-

gies for how to more rationally develop such compounds.

MOLECULAR GLUES FOR CRL4CRBN

Thalidomide was introduced in West Germany in 1957 as a seda-

tive and antiemetic, and was found to be highly teratogenic,

affectingmore than10,000patientsbefore thedrugwaswithdrawn

from themarket in 1962 (Vargesson, 2015). Through a series of un-

expected discoveries, thalidomide and its analogs re-emerged as

powerful therapeutics in cancer and hematological malignancies.

The long-sought-after understanding of their mode of action

came with the identification of CRBN as the efficacy target of

thalidomide by the Handa laboratory (Ito et al., 2010) and subse-

quent structural studies showing that CRBN plays the role of the

substrate receptor of the CRL4CRBN E3 ubiquitin ligase (Chamber-
1034 Cell Chemical Biology 28, July 15, 2021
lain et al., 2014; Fischer et al., 2014). Thalidomide and derivatives

(termed IMiDs for IMmunomodulatory imide Drugs) were eventu-

ally identified to be molecular glue degraders that bind a highly

conserved tri-tryptophan pocket on CRBN, with the composite

CRBN-ligand interface recruiting several different neosubstrates

for ubiquitination. Degradation of TFs Ikaros/Aiolos (IKZF1/3) has

been linked to the clinical efficacy of thalidomide analogs in multi-

ple myeloma, while casein kinase 1a (CK1a) is the likely efficacy

targetof lenalidomide in5q-myelodysplastic syndrome (Chamber-

lain et al., 2014; Fischer et al., 2014; Gandhi et al., 2014; Ito et al.,

2010; Krönke et al., 2014, 2015; Lu et al., 2014).

Structural studies of glue-induced ternary complexes of CK1a

(Petzold et al., 2016), GSPT1 (Matyskiela et al., 2016), Ikaros

(Sievers et al., 2018), ZNF692 (Sievers et al., 2018), and SALL4

(Furihata et al., 2020; Matyskiela et al., 2020a) all revealed a struc-

tural degron in the neosubstrate comprising a characteristic

b-hairpin loop and a key glycine residue that engage the otherwise

solvent-exposed phthalimide moiety of IMiDs, and contact resi-

dues lining the IMiD pocket on CRBN (Figure 1B) (Petzold et al.,

2016; Sievers et al., 2018). With the help of a relatively small pro-

tein-protein interface (�350–700 Å2) (Table 1), the compound-

bound CRBN complex provides a nanomolar binding platform

for neosubstrates.

Arguably the biggest structural class of neosubstrates for

CRBN is zinc-finger (ZF) TFs. Structures of thalidomide deriva-

tives with IKZF1, ZNF692, and SALL4 showed that binding of

the small and distinct ZF fold is similarly driven by a b-hairpin-con-

taining ZF, while the surrounding ZFs appear to facilitate binding

in vitro. In cells, only those ZF-containing proteins that carry an

additional ZF close by were proficient in degradation of the corre-

sponding full-length protein (Donovan et al., 2018; Sievers et al.,

2018), but the role of the nearby ZFs in specificity and degradation

proficiency requires further investigation. Several other Cys2His2
(C2H2) ZF TFs have been shown to be degraded by thalidomide

and derivatives (Table 2). For example, candidate acute promye-

locytic leukemia therapeuticsCC-647 andCC-3060 have recently

been reported to promote ZBTB16 degradation, but each engage

different ZF domains within this transcription factor (Matyskiela

et al., 2020b). Multiple additional ZF proteins were found to bind

CRBN in vitro, with the engagement being insufficient to drive

cellular degradation (An et al., 2017; Sievers et al., 2018).

Many new thalidomide derivatives have been developed in

recent years, and several compounds with improved efficacy

have entered clinical trials (Bjorklund et al., 2020; Lopez-Girona

et al., 2019; Schafer et al., 2018) (Table 2). Following the clinical

success of early thalidomide analogs, IMiDs have also been suc-

cessfully modified to recruit novel substrates. Still, even if

apparent specificity is observed in given cell types, many of

these compounds appear to be intrinsically polypharmacologi-

cal (Sievers et al., 2018). For instance, growing out the isoindoli-

none scaffold of lenalidomide led to the pleiotropic ZF/GSPT1

degrader CC-885 (Matyskiela et al., 2016), and later yielded

the more GSPT1-selective compounds CC-90009 (Surka et al.,

2020) and ZXH-1-161 (Powell et al., 2020). Small changes in

compound structure strongly alter neosubstrate degradation

specificity (Figure 2), with a recent report on 5-hydroxythalido-

mide, a thalidomide metabolite, illustrating how the presence

of a single hydroxyl leads to a striking change in degradation

selectivity from IKZF1 to SALL4, possibly explaining the



Table 1. Comparison of structurally characterized drug-induced protein-protein interfaces for small-molecular degraders

Compound Ligase Target PDB ID

Protein-protein

interface (%)

Ligase-ligand

interface (%)

Target-ligand

interface (%)

Total interface

area (Å2)

Auxin SKP1TIR1 IAA7 peptide 2P1Qa 71 22 7 926

Lenalidomide CRL4CRBN CK1ɑ F5QDb 68 23 9 1,052

Pomalidomide CRL4CRBN SALL4 (ZF2) 6UMLc 52 35 13 681

CC-885 CRL4CRBN GSPT1 5HXBd 52 28 20 1,164

CC-90009 CRL4CRBN GSPT1 6XK9e 54 27 19 1,221

Pomalidomide CRL4CRBN IKZF1 (ZF2) 6H0Ff 61 28 12 859

Pomalidomide CRL4CRBN ZNF692 (ZF4) 6H0Gf 61 28 10 880

Thalidomide CRL4CRBN SALL4 (ZF2) 7BQUg 56 32 13 706

5-Hydroxythalidomide CRL4CRBN SALL4 (ZF2) 7BQVg 60 29 12 802

E7820 CRL4DCAF15 RBM39 6PAIh, 6Q0Ri 68 22 10 1,463

Indisulam CRL4DCAF15 RBM39 6UD7j, 6Q0Wi 72 19 9 1,665

CR8 CRL4D cyclin K 6TD3k 79 6 16 2,672

NRX-103094 SKP1b-TrCP b-catenin peptide 6M91l 54 25 21 958

MZ1 CRL2VHL BRD4 (BD2) 5T35m 26 37 38 1,338

dBET23 CRL4CRBN BRD4 (BD1) 6BN7n 39 23 38 1,328

Interface areas were calculated with PISA (Krissinel and Henrick, 2007). For indisulam and E7820, average values from the two available structures

are shown.
aTan et al., 2007.
bPetzold et al., 2016.
cMatyskiela et al., 2020a.
dMatyskiela et al., 2016.
eSurka et al., 2020.
fSievers et al., 2018.
gFurihata et al., 2020.
hDu et al., 2019.
iFaust et al., 2020.
jBussiere et al., 2020.
kS1abicki et al., 2020a.
lSimonetta et al., 2019.
mGadd et al., 2017.
nNowak et al., 2018.
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teratogenicity of thalidomide (Donovan et al., 2018; Furihata et

al., 2020). However, it remains highly challenging to rationally

tune IMiD selectivity or to predict which compound will trigger

degradation of which subset of b-hairpin-containing proteins,

and hence to rationally decode the relationship between IMiD

used and target degraded. Future efforts are required to map

which b-hairpin-containing proteins in the genome can be re-

cruited to CRL4CRBN and investigate whether the spectrum of

structural CRL4CRBN degrons can be further extended, possibly

to also target non-glycine containing protein loops.

The structure-activity relationship (SAR) for IMiD-induced

complexes is somewhat unusual in that mutating the CRBN/neo-

substrate interface, or using less efficient molecular glue

compounds that give rise to 2- to 5-fold weaker neosubstrate

recruitment in vitro, can trigger steep transitions between degra-

dation and non-degradation in vivo, in what appears to be an all-

or-nothing manner. Relatively small changes in binding mode

convert already engaged substrates into degraded targets while

at the same time rendering other tightly bound neosubstrates

less tightly engaged and not degraded.

All CRLs, including the CRL4 clade, are regulated by the COP9

signalosome, an isopeptidase that removes the ubiquitin-like acti-
vator NEDD8 from the cullin using a steric gating mechanism.

Those CRLs that are engaged with substrates remain neddylated,

while idle ligases are deneddylated (Cavadini et al., 2016). Thalid-

omide-induced substrate complexes have been shown to be suf-

ficiently substrate-like to maintain the ligase in a neddylated and

active state (Cavadini et al., 2016). All glue-induced neosubstrates

for cullin ubiquitin ligases must pass this substrate criterion, and it

is unclear to what extent very small domains, or linear peptides,

are sufficiently goodmimics to support the ubiquitination process

(Cavadini et al., 2016; Enchev et al., 2012; Fischer et al., 2011).

Analogously, other components of the ubiquitin-proteasome sys-

tem such as p97 and the proteasome also require the neosub-

strate to be recognized as sufficiently substrate-like to enable effi-

cient degradation (Donovan et al., 2020).

MOLECULAR GLUES FOR CRL4DCAF15

Following the discovery of thalidomide analogs and their mech-

anism of action, aryl sulfonamides such as indisulam and E7820

were found to drive degradation of the essential RNA-binding

protein RBM39 (RNA-Binding Motif Protein 39) and RBM23 by

the CRL4DCAF15 E3 ubiquitin ligase (Han et al., 2017; Owa
Cell Chemical Biology 28, July 15, 2021 1035



Table 2. Chemical diversity and neosubstrate selectivity among known molecular glue degrader classes

Compound Chemical structure

Reported degradation

substrates References

Molecular glues for CRL4CRBN

Thalidomide IKZF1, IKZF3, ZNF692,

ZNF276, SALL4,

RNF166, ZBTB16,

FAM83F, p63

(Asatsuma-Okumura et al.,

2019; Donovan et al., 2018;

Sievers et al., 2018;

Yamanaka et al., 2020)

Lenalidomide IKZF1, IKZF3, ZFP91,

ZFP692, ZNF276,

ZNF653, ZNF827,

SALL4, RNF166,

WIZ1, CK1a, FAM83F,

RAB28

(Donovan et al., 2018;

Krönke et al., 2014,

2015; Lu et al., 2014;

Sievers et al., 2018;

Yu et al., 2019)

Pomalidomide IKZF1, IKZF3, ZFP91,

ZFP692, ZNF276,

ZNF653, ZNF827,

SALL4, RNF166, GZF1,

ZBTB39, ZNF98, WIZ1,

ZBTB16, FAM83F,

RAB28, DTWD1

(An et al., 2017; Donovan

et al., 2018; Krönke et al.,

2014; Lu et al., 2014;

Matyskiela et al., 2020b;

Sievers et al., 2018;

Yu et al., 2019)

Avadomide (CC-122) IKZF1, IKZF3, ZFP91 (Hagner et al., 2015)

5-hydroxythalidomide SALL4, ZBTB16 (Furihata et al., 2020;

Yamanaka et al., 2020)

FPFT-2216 IKZF1, CK1a (Gemechu et al., 2018)

Iberdomide (CC-220) IKZF1, IKZF3,

ZFP91, ZNF98

(Donovan et al., 2018;

Matyskiela et al., 2018)

CC-647 ZBTB16 (Matyskiela et al., 2020b)

(Continued on next page)
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Table 2. Continued

Compound Chemical structure

Reported degradation

substrates References

CC-3060 ZBTB16, IKZF1,

ZFP91, ZNF276

(Matyskiela et al., 2020b)

CC-92480 IKZF1, IKZF3 (Lopez-Girona et al., 2019)

CC-885 IKZF1, IKZF3,

GSPT1, CK1a,

PLK1, HBS1L

(Li et al., 2020b; Matyskiela

et al., 2016; Surka et al.,

2020)

CC-90009 GSPT1 (Surka et al., 2020)

ZXH-1-161 GSPT1, GSPT2 (Powell et al., 2020)

Molecular glues for CRL4DCAF15

Indisulam RBM39, RBM23 (Han et al., 2017; Ting et al.,

2019; Uehara et al., 2017)

(Continued on next page)
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Table 2. Continued

Compound Chemical structure

Reported degradation

substrates References

E7820 RBM39, RBM23 (Faust et al., 2020; Ting

et al., 2019; Uehara

et al., 2017)

Tasisulam RBM39, RBM23 (Han et al., 2017; Ting et al.,

2019)

CQS

(chloroquinoxaline

sulfonamide)

RBM39, RBM23 (Han et al., 2017; Ting et al.,

2019; Uehara et al., 2017)

dCeMM1 RBM39 (Mayor-Ruiz et al., 2020)

Cyclin K degraders

CR8 cyclin K (S1abicki et al., 2020a)

dCeMM2 cyclin K (Mayor-Ruiz et al., 2020)

dCeMM3 cyclin K (Mayor-Ruiz et al., 2020)

dCeMM4 cyclin K (Mayor-Ruiz et al., 2020)

(Continued on next page)
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Table 2. Continued

Compound Chemical structure

Reported degradation

substrates References

HQ461 cyclin K (Lv et al., 2020)

Cys2-His2 (C2H2) zinc finger-containing proteins are underlined. We only report targets that have been shown to be degraded in the context of the full-

length protein.
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et al., 1999; Uehara et al., 2017). While these drugs degrade both

RBM paralogs, the sulfonamide dCeMM1 was recently reported

to selectively degrade RBM39 (Mayor-Ruiz et al., 2020). Struc-

tural studies of DCAF15-DDB1-DDA1 in complex with RBM39

and indisulam or E7820 found that aryl sulfonamides functional-

ize a shallow, non-conserved cavity on DCAF15 to selectively re-

cruit the splicing factor through an a-helical degron motif on the

RRM2 domain (Bussiere et al., 2020; Du et al., 2019; Faust et al.,

2020) (Figure 1C). Both a helices and b hairpins, the two

elemental units of protein folds, are thus principally readable

by protein-ligand interfaces (Baek and Schulman, 2020).

All reported RBM39 degraders thus far contain the aryl sulfon-

amide moiety, with the sulfonyl oxygens hydrogen-bonding with

backbone nitrogen atoms of DCAF15 and the sulfonyl nitrogen

interacting with RBM39 side chains via water-mediated

hydrogen bonds (Table 2). In contrast to IMiDs being high-affinity

CRBN binders, aryl sulfonamides have only a low affinity for the

isolated DCAF15 receptor (�3 mM for E7820, >50 mM for indisu-

lam) (Faust et al., 2020). These findings demonstrate that

molecular glue degraders do not critically depend on high-affin-

ity interactions, and this conceptually paves the way for pursuing

non-ligandable ligases for targeted protein degradation. The low

binary affinity of aryl sulfonamides to DCAF15 is mitigated by an

extensive network of hydrophobic DCAF15-RBM39 interactions,

yielding a high-affinity ternary complex. The DCAF15 interface

with RBM39/23 is not highly conserved, suggesting a drug-

induced neomorphic binding (Faust et al., 2020).

In the case of IMiDs, a portion of the CRBN-bound glue mole-

cule protrudes into the solvent, allowing for recruitment of diverse

proteins possessing the b-hairpin structural degron. In contrast,

sulfonamides are buried within a shallow groove of DCAF15 and

appear to only recruit neosubstrates that exhibit a particular ge-

ometry. Thus far, the buried nature of the compound and the

extensive protein-protein interaction interface have made it diffi-

cult to tune the degradation selectivity by modifying the com-

pound to direct the CRLDCAF15 ligase to other RRM2 proteins or

beyond. The enclosed nature of the cavity further makes it chal-

lenging to turn aryl sulfonamides into PROTAC warheads,

although a DCAF15-based PROTAC was recently reported (Li

et al., 2020a).

CYCLIN K DEGRADERS

Following the elucidation of themechanism of action of IMiDs and

aryl sulfonamides,many other compounds, including prevalent ki-
nase inhibitor drugs, have been suspected to have a degradation

component to theirmodeof action. A clearmolecular link between

kinase inhibitors and the degradation machinery has remained

elusive (Hanan et al., 2020; Jones, 2018). Recently, a bioinformatic

screen for compounds whose cytotoxicity correlates with ligase

mRNA levels across different cell lines pointed to CR8, a preclin-

ical cyclin-dependent kinase (CDK) inhibitor, as a possible

degrader (S1abicki et al., 2020a). The compound was found to

be a novel type of a molecular glue degrader that binds the heter-

odimeric target complex CDK12-cyclin K and recruits the DDB1-

CUL4-RBX1 E3 ligase core to ubiquitinate cyclin K (S1abicki et al.,
2020a). 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 (Figure 1D). CDK12 is not a constitutive

E3 ligase component but instead serves as a uniquedrug-induced

substrate receptor, linking DDB1 to the ubiquitination target and

bypassing the requirement for a canonical DCAF substrate recep-

tor. An interesting feature of the protein-protein interface is the

C-terminal tail of CDK12 that docks in between the DDB1 propel-

lers and features a helix-loop-helix-likemotif bearing close resem-

blance to divergent motifs DCAF substrate receptors use to

engage DDB1 (Fischer et al., 2011, 2014; Li et al., 2010; Scrima

et al., 2011). The CDK12-DDB1 interaction is functionally reminis-

cent of HBx and other viral proteins, which, throughmimicking the

DCAF-like fold, are capable of direct DDB1 binding, hence shut-

tling various host factors to the proteasome to facilitate viral repli-

cation.

Importantly, the DDB1-CDK12 interface is large (�2,100 Å2)

and highly complementary, with a basal affinity of 50 mM

measured between DDB1 and CDK12-cyclin K. Hence, CR8

does not de facto induce novel protein-protein interactions,

but rather facilitates an existing low-affinity interaction and

strengthens complex formation by �1,000-fold. No biological

role is known for the kinase-DDB1 interaction.

A recent effort to find molecular glue degraders through

comparing compound toxicity between hyponeddylated and

wild-type cells yielded three additional cyclin K degraders,

dCeMM2, dCeMM3 and dCeMM4 (Mayor-Ruiz et al., 2020).

Concomitantly, a phenotype-based screen for NRF2 inhibitors

serendipitously uncovered another small-molecular cyclin K

degrader, HQ461 (Lv et al., 2020). While their binding mode has

not been structurally characterized to date, these compounds

have been shown to operate via a mechanism analogous to

CR8. The five examples of published cyclin K degraders show
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Figure 2. Reprogramming of the CRBN surface
(A) CRBN-bound lenalidomide (PDB: 5FQD) (Petzold et al., 2016) and poma-
lidomide (PDB: 6UML) (Matyskiela et al., 2020a).
(B) CRBNTBD-bound thalidomide (PDB: 7BQU) and 5-hydroxythalidomide
(PDB: 7BQV) (Furihata et al., 2020).
(C) CC-885 (PDB: 5HXB) (Matyskiela et al., 2016) and CC-90009 (PDB: 6XK9)
(Surka et al., 2020) bound to CRBN.
(D) CRBN-bound iberdomide (PDB: 5V3O) (Matyskiela et al., 2018).
(E) CRBN-bound dBET23 PROTAC (PDB: 6BN7) (Nowak et al., 2018).
CRBN is shown in a surface representation with 40% transparency. The
compounds are shown as spheres (scale 1.0) and their chemical structures are
given under each panel (for dBET23 the chemical structure can be found in
Figure 1F). Broad neosubstrate degradation selectivity is indicated for each
compound. More details can be found in Table 2. TBD, thalidomide-binding
domain.
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remarkable chemical diversity, more so than any aforementioned

class of molecular glues (Table 2). Even more remarkable is that

while most are promiscuous kinase binders, they all exclusively

degrade cyclin K. In addition to the five reported degraders, a

number of additional kinase inhibitors (roscovitine, DRF053, flavo-

piridol) have been shown to facilitate the DDB1-CDK12-cyclin K

interaction in vitro, albeit with no robust ubiquitination and no cy-

clin K degradation in cells (S1abicki et al., 2020a).
Like IMiDs, cyclin K degraders exhibit an apparent affinity

threshold, whereby a few-fold lower ternary complex affinity

translates to no cellular degradation.We suspect this to be a com-

mon SAR principle for CRL4 ligase reprogramming and, although

themolecular origins of this behavior are not clear, the small differ-

ences in ternary complex affinity in vitro are likely amplified in vivo

as well as across the different stages of neosubstrate processing.

The example of CR8 also demonstrates that recruitment of a

traditionally undruggable neosubstrate (cyclin K) to the ligase via

a ligandable protein partner (CDK12) is a viable strategy. Cyclin

K is the primary ubiquitination target, and while CDK12 could

become subject to autoubiquitination upon prolonged compound

exposure similar to canonicalDCAFs (Fischer et al., 2011; Ito et al.,

2010), data show that the observed destabilization of CDK12 is

most likely due to cyclin deprivation (Lv et al., 2020). Thus, it is

the overall geometry of the target-ligase complex that governs

which components can be efficiently ubiquitinated and degraded.

These spatial considerations are also likely at play for PROTACs,

as compounds targeting the SMARCA2/4 subunits of the SWI/

SNF complex have been shown to only directly degrade their

target (Farnaby et al., 2019), while heterobifunctionals binding

the EED component of PRC2 have been reported to additionally

target other subunits for degradation (Potjewyd et al., 2020).

As kinase inhibitors often show poor target selectivity, small-

molecule-induced kinase inactivation that leverages specific

protein-protein interactions offers a path toward improved

drug selectivity and may facilitate the pursuit of CDK12/CDK13

and cyclin K as emerging therapeutic targets (Lui et al., 2018;

Quereda et al., 2019). The work on CR8 provided the structural

dissection of how a kinase inhibitor scaffold acquires gain-of-

function molecular glue degrader properties leading to robust ki-

nase inactivation (S1abicki et al., 2020a), and hence provided the

first example of a compound that binds the target complex and is

capable of de novo ligase recruitment. How such diverse com-

pounds triggered CDK12-cyclin K recruitment and in some

cases cyclin K degradation remains unclear at this time. It further

remains to be determined whether these compounds will be re-

programmable, redirecting DDB1 recruitment within the CDK

family, the kinase superfamily, or beyond.

BCL6 DEGRADERS

BI-3802 is a smallmolecule thatbinds theBTBdomainof the onco-

genic TF BCL6 and results in its proteasomal degradation (Kerres

et al., 2017). A recent report revealed that the compound induces

polymerization, sequestration into cellular foci, and subsequent

degradation of BCL6 (S1abicki et al., 2020b). The TF was reported

tobeasubstrate for theE3ubiquitin ligaseSIAH1,with theBI-3802-

induced formation of BCL6 filaments strongly facilitating BCL6

ubiquitination by SIAH1 and its subsequent degradation. Cryo-

EM studies showed that the solvent-exposed dimethylpiperidine
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moiety of BI-3802 drives polymerization through direct hydropho-

bic interactionswith distal amino acids of an adjacent BCL6 dimer.

Further modeling explained the lack of polymerization with BI-

3812, a closely relatedbona fideBCL6 inhibitor, by revealing a ste-

ric clash between the extended carboxamide group and residues

of the adjacent BTB dimer. BI-3802 is thus a second example of

a target-binding compound that, upon modification of its solvent-

facingmoiety, shows gain-of-functionmolecular glue activity lead-

ing to enhanced target inactivation. Surface-exposed inhibitors

thusappear to be able to strongly facilitate novel protein-protein in-

teractions. Itwill be important to investigatewhether otherBTBdo-

mains as well as other protein folds share a small-molecule-

induced polymerization-dependent mechanism of degradation,

and to uncover what governs these reprogramming processes.

MOLECULAR GLUE THEMES

The discussed diverse molecular glue degrader compounds

(Figure 1) leverage both protein-ligand and protein-protein inter-

faces to achieve tight complex formation, which is conducive to

robust target ubiquitination and degradation. These molecular

glue degrader drugs are small (<500 Da), with ligand/neosub-

strate interfaces as compact as �70 Å2 supplemented by more

extensive protein-protein contacts (Table 1). In all these cases,

the affinity between the ligase and neosubstrate increases by or-

ders of magnitude in the presence of the small molecule. The

complementary nature of these protein-protein interfaces sug-

gests that the two proteins likely also interact in the absence of

a compound. Biophysical assays measuring binding of these

protein-protein pairs found no detectable affinity between

CRBN and CK1a or ZFs in the absence of an IMiD (Petzold

et al., 2016); low affinity (�5 mM) (Du et al., 2019), or no detect-

able affinity (Bussiere et al., 2020; Faust et al., 2020) for

DCAF15 binding to RBM39, and mid-micromolar affinity

(�50 mM) for DDB1 binding to CDK12-cyclin K (S1abicki et al.,
2020a). Interestingly, the size of the protein-protein interface is

not necessarily directly proportional to the affinity of the two pro-

teins without the molecular glue (Table 1), as the neomorphic

interface can comprise attractive as well as repulsive regions.

Molecular glue degraders can be further categorized based on

their affinity to the two protein partners. IMiD-like ligase-binding

glues are advantageous for targeting traditionally undruggable

proteins such as ZF TFs, as a ligandable pocket on the target is

not strictly required for ternary complex formation (Figure 1B).

Glues that bind on the side of the target, such as CR8, offer the

possibility to recruit a ligase that by itself would not be considered

ligandable, like in the case of DDB1.Moreover, such target-based

degraders can have dual inhibitor/degrader properties potenti-

ating the desired pharmacological response. Glues that bind

neither the ligase nor the target with high affinity, such as aryl sul-

fonamides, could efficiently bring together two seemingly non-li-

gandable partners. However, high protein-protein interface

complementarity is required for stable complex formation and

robust ubiquitination in this case. Finally, PROTACs tightly bind

both protein partners, which gives rise to the undesirable Hook ef-

fect but also renders the compounds strongly (albeit not exclu-

sively) dependent on compound-mediated recruitment. This

makes the warheads to some extent exchangeable for binders

of other targets and ligases but also implies that PROTACs require
two independently ligandable pockets. It will be important to find

out whether, by structure-based design leveraging cooperative

interactions within the ternary complex, such bifunctional mole-

cules could be converted into molecular glue-type compounds

that no longer independently engage either protein.
SCREENING FOR MOLECULAR GLUE DEGRADERS

The IMiD, aryl sulfonamide, and BI-3802 molecular glues have

been picked up as ligase binders and/or target degraders by

observant research teams. The efforts that followed these initial

discoveries focused primarily on screening derivatives of known

degraders in the hope of recruiting novel neosubstrates. Howev-

er, a broad search for binders of other ubiquitin ligases was also

pursued in the hope of finding the ‘‘new CRBN,’’ driven on one

hand by wanting to expand the repertoire of ligases accessible

to PROTACs and on the other by the quest for a family of molec-

ular glues as clinically successful as IMiDs. It remains to be seen

whether other ligandable ligases, such as VHL or cIAP1, can re-

cruit and ubiquitinate other proteins upon the binding of mono-

valent molecular glue degrader compounds.

In addition to these ligase-oriented strategies, two systematic

ligase- and target-agnostic approaches for degrader discovery

have recently been reported. A bioinformatic correlation between

drug toxicity and ubiquitin ligase mRNA expression levels across

different cancer cell lines allowed identification of the CR8-DDB1

drug-ligase pair (S1abicki et al., 2020a); and a screen looking at dif-

ferential cytotoxicity of compounds in wild-type versus hyponed-

dylated cellular models found one RBM39 degrader and three cy-

clin K degraders (Mayor-Ruiz et al., 2020). Both studies used

relatively small compound libraries (4,518 preclinical and clinical

compounds and �2,000 cytostatic and cytotoxic small mole-

cules, respectively) and focused solely on cell survival, yielding

surprisingly high hit rates. Many more compounds can likely be

found by taking advantage of larger existing librarieswith complex

readouts beyond cell death. Once a molecular glue degrader

candidate is identified, a pipeline composed of mass spectrom-

etry-assisted identification of the degradation target(s), ligase

identification using CRISPR screening technology, and biochem-

ical reconstitutions allows the full elucidation of its mechanism of

action (Mayor-Ruiz et al., 2020; S1abicki et al, 2020a, 2020b).
GLUING WEAK INTERACTORS

If both protein-protein and protein-ligand interactions

contribute to molecular glue action, molecular glue degraders

may be easier to obtain by leveraging existing low-affinity pro-

tein-protein interactions. For instance, a protein epitope that

has been weakened by mutations and is no longer recognized

efficiently by its cognate ligase may thus be ‘‘repaired’’ by a

molecular glue, as in the case of the mutated oncogenic TF

b-catenin, which lost its affinity for its cognate SCFb-TrCP E3

ligase (Simonetta et al., 2019) (Figure 3A). Through high-

throughput screening followed by structure-based design,

protein-protein interaction stabilizers were obtained that com-

plemented the mutated interface by providing the binding sur-

face between b-catenin and b-TrCP that is lost as a result of

the S37A b-catenin mutation. The molecular glue restored
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Figure 3. Rational design of chemical
inducers of proximity
(A) SKP1-b-TrCP-NRX-103094-b-catenin(S37A)
complex (PDB: 6M91) (Simonetta et al., 2019).
Bottom panel: wild-type (WT) b-catenin peptide
bound to b-TrCP (PDB: 1P22) (Wu et al., 2003).
(B) 14-3-3 monomer bound to compound 3 and
ChREBP a2 peptide (PDB: 6YGJ) (Sijbesma et al.,
2020).
(C) MEK1-trametiglue-KSR2 complex (PDB: 7JUV)
(Khan et al., 2020). Right panel: trametiglue and the
parent inhibitor trametinib bound at the MEK1-
KSR2 interface (PDB: 7JUR) overlaid through su-
perposition of kinase domains (Khan et al., 2020).
Important interface residues are shown as sticks.
Key hydrogen bonds are indicated by dashed
yellow lines.
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the interaction between SCFb-TrCP and mutant b-catenin and

allowed for efficient ubiquitination in vitro.

Although not a molecular glue degrader, a similar strategy was

used to develop a glue compound that furthers the interaction

between 14-3-3 and its phosphorylation-independent interactor

carbohydrate-response element-binding protein (ChREBP). A

weak stabilizer derived from an in silico screening campaign

was optimized into an effective molecular glue in a structure-

guided manner (Sijbesma et al., 2020) (Figure 3B). Another

example of rational glue design is that of a derivative of the ki-

nase inhibitor trametinib, which targets the mitogen-activated

protein kinase kinase (MEK) kinase (Khan et al., 2020)

(Figure 3C). The inhibitor was found to bind at the interface be-

tween the kinase domain of MEK and the kinase suppressor of

Ras (KSR) subunit. Given the proximity between the two pro-

teins, a ‘‘trametiglue’’ was designed by substituting an acet-

amide group for a sulfonamide to enhance interfacial binding.

This yielded a compound with improved cellular potency, offer-
1042 Cell Chemical Biology 28, July 15, 2021
ing a path for selectively targeting sub-

populations of MEK. A number of other

compounds that stabilize weak protein-

protein interactions have been reported,

such as CC0651 that strengthens the

ubiquitin interaction with the E2 ubiqui-

tin-conjugating enzyme CDC34 (Huang

et al., 2014), and the natural product bre-

feldin A, which stabilizes the ARF-GDP-

Sec7 complex (Mossessova et al., 2003;

Renault et al., 2003). Thus, leveraging ex-

isting weak interactions, particularly in the

context of ubiquitin ligases, offers an

exciting route for the rational design of

molecular glue degraders.

COMPOUND-INDUCED
STICKINESS

Endogenous compounds including nu-

clear hormones and inositol phosphates

have been postulated to act as degraders

(Wu et al., 2005) or inducers of proximity

(Scherer et al., 2016), respectively. To

our knowledge, however, no endogenous
molecular glue degrader compounds akin to plant hormones

have yet been identified in humans. CRBNand its neosubstrates,

as well as DCAF15 and RBM39/RBM23, are likely neomorphic

substrate-receptor pairs given their biology, mode of action,

and limited interface conservation. Yet it is difficult to exclude

that endogenous small molecules exist that bind and reprogram

these ligases and further work will be needed to address this

issue. Similarly, for the DDB1-CDK12/13-cyclin K interaction, it

is unclear whether these binding events have a physiological

role in the absence of the compound or whether endogenous

small molecules exist that could facilitate this interaction.

Assuming that the discussed examples (Figures 1B–1F) are

drug-induced binding events and not mere variations of physio-

logical processes, how do small molecules give rise to such neo-

morphic binding? A number of recent examples (Figure 4)

demonstrate that the addition of solvent-facing small chemical

groups to a binder or inhibitor can confer gain-of-functionmolec-

ular glue degrader functionality. Evolutionary studies show that



Figure 4. Modification of protein surface by
derivatized binders drives protein-protein
interactions
(A) Overlay of CR8 (PDB: 6TD3) and roscovitine
(PDB: 2A4L) in the active site of CDK12 in the
DDB1-CR8-CDK12-cyclin K complex through su-
perposition of kinase domains (S1abicki et al.,
2020a).
(B) Structure of two BTB dimers brought together
by BI-3802 (S1abicki et al., 2020b). Right panel:
model of BI-3812 at the dimer interface. The in-
hibitor was docked to the crystal structure of BCL6
BTB (PDB: 5MW2) and modeled at the interface by
superposition of BTB domains. The solvent-
exposed moiety of BI-3812 clashes with a helix of
BTBb.
(C) Another inhibitor-degrader pair identified for
BCL6 (Bellenie et al., 2020).
(D) Inhibitor and degrader of BRD4 (Blake, 2019).
The mechanism of action of GNE-0011 has not
been reported to date.
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proteins have an intrinsic tendency to form higher-order com-

plexes and that random single-point mutations, with surprising

ease, give rise to de novo interfaces that induce larger assem-

blies (Garcia-Seisdedos et al., 2017). This has been evident in ge-

netic disease such as sickle-cell anemia where a surface muta-

tion in hemoglobin (E6V; hemoglobin S) triggers fiber formation

(Dykes et al., 1979). The BI-3802 and CR8 examples now argue

that small molecules bound to a protein surface can give rise to

similar aggregation processes, either as self-polymerization

events (as in BCL6) or by strengthening an existing, albeit

weak, interaction of DDB1 with CDK12-cyclin K (Figure 4). The

model formulated by Levy and colleagues stipulates that pro-

teins evolve on the cusp of engaging in macromolecular interac-

tions (Garcia-Seisdedos et al., 2017). The very low affinities are

not by themselves directly biologically actionable, but such pro-

pensities to interact are exploitable by compound-mediated

modification of protein surfaces. Across evolution, hydrophobic
Ce
patches have been suggested to persist

as means to favor functionally relevant

multimerization (Hochberg et al., 2020).

Surface-bound small molecules could

thus similarly conjure a sufficiently hydro-

phobic hotspot to either lead to target ag-

gregation or induce higher-order assem-

blies. In addition, alterations in the

protein surface induced by single-nucleo-

tide polymorphisms (SNPs) in the coding

region of proteinsmay already intrinsically

affect interactomes of the protein carrying

the SNP, and molecular glue compounds

could further leverage such sequence

variation. Experimentally, such higher-or-

der assemblies aremost easily detectable

if ubiquitin ligases are involved, giving rise

to target degradation. Many more com-

pounds could alter target interactomes

more subtly, for instance through

changes in post-translational modifica-

tions or localization of the target protein
(Schreiber, 2019). It is likely, however, that compound-induced

aggregation phenomena akin to the behavior of BI-3802 are

even more common and that this behavior has thus far been

largely overlooked.

We thus expect this hitherto hidden mode of action to be more

common among existing small molecules than was previously

thought. Hence, molecular glue-driven binding events should

be taken into consideration when developing drugs, and the ef-

fect of compound binding on target stability should be routinely

evaluated for candidate inhibitors. Taken one step further, it re-

mains to be seen whether derivatization of the solvent-facing re-

gions in small-molecular binders and inhibitors can be used to

systematically induce neomorphic interactions in a forward

screening approach. Should this prove to be a viable approach,

it could allow for routine target-centric degrader screening,

whereby libraries of compound are screened for target destabi-

lization in a ligase-agnostic manner. This could not only pave the
ll Chemical Biology 28, July 15, 2021 1043
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way to the (semi-)rational design of molecular glue degraders for

a given target, but also allow for seemingly non-ligandable li-

gases to be identified as viable for targeted protein degradation.
A NEED FOR A BETTER UNDERSTANDING OF PROTEIN-
PROTEIN INTERFACES

The key to rationally designing molecular glue events lies in un-

derstanding protein-protein interfaces and the ways in which

these can be affected by small molecules. Our thinking of inter-

faces in drug discovery is largely dominated by high-affinity,

high-specificity binding events. These lock-and-key interac-

tions, as originally described by Emil Fischer (1894), are particu-

larly relevant for small protein-ligand interfaces. But do other

types of interfaces exist? For example, those that are more

greasy, with lower affinity and possibly less specificity? The

best indication that tight interactions in one part of a complex

can prompt protein-protein interactions elsewhere comes from

structures of PROTAC-induced complexes. The structure of

the MZ1 ternary complex found BRD4 engaged with the VHL

E3 ligase receptor through neomorphic protein-protein interac-

tions (Gadd et al., 2017) (Figure 1E). PROTACs recruiting BRD4

to CRBN showed different BD1 interfaces engaged with CRBN

depending on the linker and exit vector used, with the biochem-

ical validation of these binding modes suggesting genuinely

different interactions (Nowak et al., 2018) (Figure 1F). CRBN

complexes with different neosubstrates (CK1a and GSPT1)

also utilized distinct regions on the receptor surface (Matyskiela

et al., 2016; Petzold et al., 2016). We interpret this as an indica-

tion that two proteins, once brought into close proximity through

a high-affinity interaction elsewhere, engage in protein-protein

interactions, and that these contacts have different levels of

complementarity ranging from being strongly attractive to being

repulsive (Donovan et al., 2020; Gadd et al., 2017; Nowak et al.,

2018). These interactions are sufficiently common that they can

be efficiently redirected by the compound.

A quantitative and computational framework that would allow

us to dissect and understand such compound-mediated pro-

tein-protein binding events is currently missing. More examples

of molecular glue events and a detailed understanding of the in-

terfaces involved are necessary to design novel molecular glues

and develop them into a powerful new class of medicines.
SIGNIFICANCE

With the recent advances in understanding molecular glue

degraders that reprogram the ubiquitin system to achieve

(neo)substrate degradation, there are now exciting possibil-

ities at hand to systematically develop this novel class of

therapeutics. Molecular degrader properties are likely

already present in many existing drugs, and the solvent-

exposed handle of such molecules is what determines their

glue properties. Molecular glue degraders offer important

lessons about compound-induced interfaces, as well as the

principles of what makes two proteins bind. The theme that

emerges is that compounds can bring two proteins together

with surprising ease and that this property can be exploited

for the development of efficient therapeutics.
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The CDK inhibitor CR8 acts as a molecular 
glue degrader that depletes cyclin K

Mikołaj Słabicki1,2,3,15, Zuzanna Kozicka4,5,15, Georg Petzold4,15, Yen-Der Li1,2,6,  
Manisha Manojkumar1,2,3, Richard D. Bunker4,14, Katherine A. Donovan7,8, Quinlan L. Sievers1,2, 
Jonas Koeppel1,2,3, Dakota Suchyta4,5, Adam S. Sperling1,2, Emma C. Fink1,2, Jessica A. Gasser1,2, 
Li R. Wang1, Steven M. Corsello1,2, Rob S. Sellar1,2,9, Max Jan1,2, Dennis Gillingham5,  
Claudia Scholl10, Stefan Fröhling3,11, Todd R. Golub1,12,13, Eric S. Fischer7,8, Nicolas H. Thomä4 ✉ 
& Benjamin L. Ebert1,2,13 ✉

Molecular glue compounds induce protein–protein interactions that, in the context 
of a ubiquitin ligase, lead to protein degradation1. Unlike traditional enzyme 
inhibitors, these molecular glue degraders act substoichiometrically to catalyse the 
rapid depletion of previously inaccessible targets2. They are clinically effective and 
highly sought-after, but have thus far only been discovered serendipitously. Here, 
through systematically mining databases for correlations between the cytotoxicity of 
4,518 clinical and preclinical small molecules and the expression levels of E3 ligase 
components across hundreds of human cancer cell lines3–5, we identify CR8—a 
cyclin-dependent kinase (CDK) inhibitor6—as a compound that acts as a molecular 
glue degrader. The CDK-bound form of CR8 has a solvent-exposed pyridyl moiety that 
induces the formation of a complex between CDK12–cyclin K and the CUL4 adaptor 
protein DDB1, bypassing the requirement for a substrate receptor and presenting 
cyclin K for ubiquitination and degradation. Our studies demonstrate that chemical 
alteration of surface-exposed moieties can confer gain-of-function glue properties to 
an inhibitor, and we propose this as a broader strategy through which target-binding 
molecules could be converted into molecular glues.

Molecular glues are a class of small-molecule drugs that induce or 
stabilize interactions between proteins1. In the context of a ubiquitin 
ligase, drug-induced interactions can lead to protein degradation, 
and this is an emerging strategy for the inactivation of therapeutic 
targets that are intractable by conventional pharmacological means2. 
Known molecular glue degraders bind to the substrate receptors of E3 
ubiquitin ligases and recruit target proteins for their ubiquitination 
and subsequent degradation by the proteasome.

Thalidomide analogues and aryl sulfonamides are two classes of 
drugs that act as molecular glue degraders. Widely used in the clinic, 
thalidomide analogues are an effective treatment for multiple mye-
loma, other B cell malignancies and myelodysplastic syndrome with a 
deletion in chromosome 5q7. Thalidomide analogues recruit zinc-finger 
transcription factors and other target proteins to cereblon (CRBN)8–11, 
the substrate receptor of the cullin-RING E3 ubiquitin ligase CUL4A/ 
B–RBX1–DDB1–CRBN (CRL4CRBN)12. Similarly, aryl sulfonamides degrade 
the essential RNA-binding protein RBM39 by engaging DCAF15, the 
substrate receptor of the CRL4DCAF15 E3 ubiquitin ligase13–15. In these 

examples, the degraders are not dependent on a ligandable pocket on 
the target protein, but instead exploit complementary protein–protein 
interfaces between the receptor and the target. By reprogramming the 
selectivity of the ubiquitin ligase, these molecules divert the ligase 
to drive multiple rounds of target ubiquitination in a catalytic man-
ner16. Such compounds can thus circumvent the limitations of classical 
inhibitors and expand the repertoire of ‘druggable’ proteins. Although 
highly desirable, molecular glue degraders have only been found  
serendipitously, and the strategies available for identifying or designing  
these compounds are limited.

CR8 induces proteasomal cyclin K degradation
To identify small molecules that mediate protein degradation through 
an E3 ubiquitin ligase, we correlated drug-sensitivity data for 4,518 
clinical and preclinical drugs that have been tested against 578 cancer 
cell lines3,4 with the respective mRNA levels of 499 E3 ligase compo-
nents5 (Extended Data Fig. 1a). Expression of DCAF15 correlated with 
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indisulam and tasisulam toxicity, consistent with the known function 
of these drugs as degraders of the essential protein RBM39 through the 
CRL4DCAF15 E3 ubiquitin ligase and thus demonstrating the potential 
of the approach (Extended Data Fig. 1b, c). We sought to validate the 
correlations between ligase expression and drug toxicity that scored 
most highly by examining whether CRISPR-mediated inactivation 
of the identified E3 ligase component would rescue the respective 
drug-induced toxicity (Extended Data Fig. 1d). These experiments 
confirmed that single-guide RNAs (sgRNAs) that target DCAF15 confer 
resistance to indisulam and tasisulam. In addition, we observed a cor-
relation between the cytotoxicity of (R)-CR8, a CDK inhibitor6, and the 

mRNA levels of the CUL4 adaptor protein DDB1 (Fig. 1a, Extended Data 
Fig. 1e). Consistently, sgRNAs targeting DDB1 conferred resistance to 
(R)-CR8 (Fig. 1b).

As the DDB1-dependent cytotoxicity of (R)-CR8 suggested ubiqui-
tin ligase-mediated degradation of one or more essential proteins, 
we performed quantitative proteome-wide mass spectrometry to 
evaluate protein abundance after treating cells with (R)-CR8. Of the 
quantified proteins (more than 8,000) cyclin K was the only protein 
that consistently showed a decrease in abundance after addition of 
(R)-CR8 (Fig. 1c, Extended Data Fig. 1f, g). As expected, (R)-CR8 did 
not alter the levels of cyclin K mRNA (Extended Data Fig. 1h) and 
the (R)-CR8-induced degradation of cyclin K could be rescued by 
inhibition of the E1 ubiquitin-activating enzyme (using MLN7243), 
inhibition of cullin neddylation (MLN4924) and inhibition of the 
proteasome (MG132) (Fig. 1d). Together, these results suggest that 
(R)-CR8 triggers rapid proteasomal degradation of cyclin K (Fig. 1e) 
through the activity of a DDB1-containing cullin-RING ubiquitin 
ligase.

To dissect the molecular machinery that is required for (R)-CR8 
toxicity, we performed genome-wide and E3 ubiquitin ligase-focused 
CRISPR–Cas9 resistance screens (Fig. 1f, Extended Data Fig. 2a, b). 
sgRNAs that target DDB1, CUL4B, RBX1, the cullin-RING activator NEDD8 
and the NEDD8-activating enzyme (NAE1 and UBA3) were substiantially 
enriched in the (R)-CR8-resistant cell population. As all of these proteins 
are required for the activity of cullin-RING ligases, our results provide 
genetic evidence for the involvement of a functional CUL4–RBX1–DDB1 
ubiquitin ligase complex in mediating (R)-CR8 cytotoxicity.

Thus far, all known cullin-RING ligases engage their substrates 
through specific substrate receptors, and DDB1 serves as an adap-
tor protein that is able to bind over 20 such receptors (also known 
as DDB1–CUL4-associated-factors, DCAFs)17,18 to recruit them to 
the CUL4–RBX1 ligase core. As no DCAFs were identified in our 
(R)-CR8 resistance screens, we constructed a fluorescent reporter of 
cyclin K stability (Extended Data Fig. 2c), in which the (R)-CR8-mediated 
degradation of endogenous cyclin K (Fig. 1d, e) could be recapitulated 
with cyclin K fused to enhanced green fluorescent protein (eGFP) (cyclin 
KeGFP) (Extended Data Fig. 2d–f). Using the stability reporter, in which 
the extent of degradation can be determined by measuring the levels 
of cyclin KeGFP normalized to mCherry expression, we found that both 
(S)-CR8 and (R)-CR8 facilitated the degradation of cyclin KeGFP to the 
same extent (Extended Data Fig. 2g; henceforth, CR8 refers to (R)-CR8). 
We then performed a genome-wide CRISPR–Cas9 screen for genes 
involved in cyclin K reporter stability and validated the involvement of 
DDB1 in CR8-mediated, but not CR8-independent, degradation of cyclin 
K (Fig. 1g, Extended Data Fig. 2h–j). In addition, we identified CDK12—a 
known target of CR819 that depends on the interaction with cyclin K for 
its activity20—as a crucial component for CR8-induced destabilization 
of cyclin KeGFP (Fig. 1g, Extended Data Fig. 2h–k).

As neither the cyclin KeGFP stability reporter screen nor the CR8 
resistance screen identified a substrate receptor, we performed 
additional CRISPR screens targeting 29 genes that encode known 
DCAFs or DCAF-like candidate proteins in four different cell lines. 
Although sgRNAs targeting the previously identified components 
of the CUL4–RBX1–DDB1 complex consistently caused resistance to 
CR8, a DCAF substrate receptor could not be identified (Extended 
Data Fig. 3).

CR8 directs CDK12 to the ligase core
As none of our genetic screens identified a DCAF that is required for 
cyclin K degradation, we tested whether the CR8-engaged CDK12–
cyclin K complex directly binds one of the CUL4–RBX1–DDB1 ligase 
components in the absence of a substrate receptor. We therefore 
performed in vitro co-immunoprecipitation experiments using 
recombinantly purified proteins. The kinase domain of CDK12 
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Fig. 1 | CR8-induced degradation of cyclin K depends on DDB1 and CDK12.  
a, Pearson correlation between CR8 toxicity and DDB1 mRNA levels. Dots 
represent cancer cell lines (n = 471). A lower value for the area under the curve 
(AUC; y axis) corresponds to higher drug toxicity. The Pearson correlation 
coefficient (r) is shown. TPM, transcripts per million. b, Flow cytometry 
analysis of HEK293T-Cas9 cells expressing three different sgRNAs against DDB1 
and a blue fluorescent protein (BFP) marker after a three-day treatment with 
1 μM CR8 (bars represent mean, n = 3). NTC, non-targeting control. c, 
Whole-proteome quantification of MOLT-4 cells treated with 1 μM CR8 (n = 1)  
or DMSO (n = 3) for 5 h (two-sided moderated t-test, n = 3). d, Immunoblots of 
cyclin K degradation in HEK293T-Cas9 cells that were pretreated with 0.5 μM 
MLN7243, 1 μM MLN4924 or 10 μM MG132 for 4 h and then treated with 1 μM 
CR8 for 2 h (n = 3). e, Immunoblots of the time course of cyclin K degradation  
in HEK293T-Cas9 cells treated with 1 μM CR8 (n = 3). f, Genome-wide  
CRISPR–Cas9 resistance screen for CR8 resistance in HEK293T-Cas9 cells.  
g, Genome-wide CRISPR–Cas9 reporter screen for cyclin K–eGFP stability  
after treatment with 1 μM CR8 in HEK293T-Cas9 cells. In f, g, guide counts were 
collapsed to gene level (n = 4 guides per gene; two-sided empirical rank-sum 
test statistics). Black dots denote DCAF substrate receptors (f, g).
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(CDK12(713–1052)) bound to cyclin K(1–267) did not markedly enrich 
DDB1 over the bead-binding control in the absence of CR8, whereas 
equimolar amounts of CR8 led to stoichiometric complex forma-
tion (Fig. 2a). The DDB1 β-propeller domain A (BPA) and β-propeller 
domain C (BPC)17, which are otherwise involved in DCAF binding, were 
sufficient for drug-induced recruitment of CDK12–cyclin K. DDB1 
β-propeller domain B (BPB), which binds CUL4 and is not involved in 
DCAF binding, was dispensable for the interaction (Fig. 2a). In vitro 
ubiquitination assays confirmed that the CUL4A–RBX1–DDB1 ligase 
core alone is sufficient to drive robust ubiquitination of cyclin K 
(Fig. 2b). Quantification of the interaction showed that CR8 stimu-
lated binding between CDK12–cyclin K and DDB1 in the range of 100–
500 nM, depending on the experimental set-up (Fig. 2c, Extended 
Data Fig. 4). Although a weak interaction between CDK12–cyclin K 
and DDB1 was still detectable in vitro in the absence of the drug, CR8 
strengthened complex formation by 500- to 1,000-fold as estimated 
by isothermal titration calorimetry (ITC) (Extended Data Fig. 4f–k). 
Thus, our data indicate that CR8-engaged CDK12–cyclin K is recruited 
to the CUL4–RBX1–DDB1 ligase core through DDB1, and CR8 tightens 
the complex sufficiently to drive CR8-induced degradation of cyclin 
K in the absence of a canonical DCAF substrate receptor.

We then crystallized CDK12(713–1052)–cyclin K(1–267) bound to CR8 
and a truncated version of DDB1 that lacks the BPB domain (∆BPB), and 
determined the structure of this complex at 3.5 Å resolution (Fig. 2d, 
Extended Data Table 1). In the structure, CDK12 forms extensive  

protein–protein interactions (around 2,100 Å2) with DDB1. CR8 binds 
the active site of CDK12 and bridges the CDK12–DDB1 interface, whereas 
cyclin K binds 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 BPA domain (amino acids 111–114), helix 
2 of the BPC domain (amino acids 986–990) and a loop in the C-terminal 
domain (amino acids 1078–1081), which are otherwise involved in DCAF 
binding (Extended Data Fig. 5). In addition, the C-terminal extension of 
CDK12 binds the cleft between the DDB1 domains BPA and BPC—a hall-
mark binding site for interactions between DDB1 and DCAFs (Extended 
Data Fig. 5a–d, i). The density for this region could only be tentatively 
assigned, probably owing to the presence of multiple conformations, 
but the CDK12 C-terminal tail clearly engages with DDB1 and assumes a 
conformation that is different from those seen in isolated CDK12–cyclin 
K structures19,21 (Extended Data Fig. 6a, b, d). Structure-guided muta-
tional analyses combined with time-resolved fluorescence resonance 
energy transfer (TR-FRET) assays were used to assess the contribution of 
these interactions to the CR8-dependent formation of the CDK12–DDB1 
complex (Fig. 2e, Extended Data Fig. 5e). Together, our data show that 
CDK12 assumes the role of a glue-induced substrate receptor and places 
cyclin K in a position that is typically occupied by CRL4 substrates 
(Fig. 2f). This renders the binding of CDK12–cyclin K to DDB1 mutually 
exclusive with that of DCAFs and provides a structural framework that 
explains why a canonical substrate receptor is dispensable for cyclin 
K ubiquitination.
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The CDK12–DDB1 interface imparts selectivity
CR8 is a pleiotropic CDK inhibitor that is reported to bind CDK1, CDK2, 
CDK3, CDK5, CDK7, CDK9 and CDK126,19, yet in cells we observed selec-
tive destabilization of cyclin K in the presence of the drug. As cyclin K is 
reported to associate with CDK9, CDK12 and CDK1319, we tested whether 
the other cyclin K-dependent kinases are also recruited to DDB1. The 

closely related CDK13 (90.8% sequence identity)—but not the more 
divergent CDK9 (45.5% sequence identity) (Extended Data Fig. 7a–c)—
was recruited to DDB1 in the presence of CR8, albeit with a lower binding 
affinity (Extended Data Fig. 7d–f). Analogously, in vitro ubiquitination 
of cyclin K was less productive for CDK13 than CDK12 (Extended Data 
Fig. 7g). The key difference in primary sequence between CDK9 and 
CDK12 or CDK13 is in the C-terminal extension (Extended Data Fig. 7a, b),  
which in our structure nestles up against the BPA and BPC regions of 
DDB1 (Fig. 2d, Extended Data Fig. 5i). Mutations in, or truncation of, the 
C-terminal extension of CDK12 abolished basal binding between CDK12 
and DDB1, whereas complex formation could still be facilitated by CR8 
to a varying extent (Extended Data Fig. 7h, i). Hence, our data show that 
the pan-selective CDK inhibitor CR8 induces specific protein–protein 
interactions between CDK12 or CDK13 and DDB1 and suggest that the 
C-terminal extension, though contributing to binding, is not essential 
for drug-dependent kinase recruitment.

CR8 phenylpyridine confers glue activity
CR8 occupies the ATP-binding pocket of CDK12 and forms discrete 
contacts with residues in the BPC domain of DDB1 (around 150 Å2) 
through its hydrophobic phenylpyridine ring system (Fig. 3a, b). Muta-
tions of the DDB1 residues Ile909, Arg928 and Arg947 each diminished 
drug-induced recruitment of the kinase (Extended Data Fig. 5f), high-
lighting the contribution of the phenylpyridine moiety to complex for-
mation. To evaluate the structure–activity relationship that underlies 
the gain-of-function activity of CR8, we probed other CDK inhibitors 
for their ability to drive complex formation between DDB1 and CDK12. 
DRF05322, an inhibitor related to CR8 that carries a differently linked 
phenylpyridine ring system (Fig. 3a, c), induced binding with a twofold 
lower affinity than CR8 (Extended Data Fig. 8a). Roscovitine23, the par-
ent compound of CR8, which lacks the 2-pyridyl substituent but retains 
the phenyl ring proximal to Arg928 (Fig. 3a, c), also facilitated complex 
formation—albeit with an apparent binding affinity threefold lower 
than CR8 (Extended Data Fig. 8a). The rank order of binding affinity 
that we observed in our TR-FRET assay correlated with the degree of 
cyclin K ubiquitination in vitro; DRF053 and roscovitine showed less 
processive ubiquitination (Fig. 3d). As neither DRF053 nor roscovitine 
induced degradation of the cyclin KeGFP reporter in cells (Fig. 3e), our 
results show that 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.

To investigate whether any bound ligand could in principle drive 
the interaction of CDK12 with DDB1, we tested the endogenous CDK 
nucleotide cofactor ATP for its ability to promote complex formation. 
ATP neither facilitated nor abrogated the interaction over basal binding 
observed in the presence of dimethyl sulfoxide (DMSO) (Extended Data 
Fig. 6c), suggesting that although the nucleotide-bound conformation 
of CDK12 seems incompatible with the recruitment of DDB1 (Extended 
Data Fig. 6b), its C-terminal extension is free to adopt multiple confor-
mations21. THZ53124, a bulky covalent inhibitor of CDK12 and CDK13 
that is predicted to clash with DDB1 (Extended Data Fig. 6d–f), locks 
the CDK12 C-terminal extension in a conformation that is incompat-
ible with DDB1 recruitment (Extended Data Fig. 6d). Consistently, 
THZ531 further decreased the TR-FRET signal and diminished cyc-
lin K ubiquitination in vitro below the levels of the DMSO control24 
(Fig. 3d, Extended Data Fig. 6c). Flavopiridol25—an inhibitor that is 
derived from a natural product and is structurally distinct from CR8 
(Fig. 3a, c)—also stimulated the binding of CDK12–cyclin K to DDB1 
(Extended Data Fig. 8a). Although flavopiridol led to moderate ubiqui-
tination of cyclin K in vitro (Fig. 3d), it did not degrade cyclin K in cells 
(Fig. 3e). Our results thus show that the interactions between DDB1 
and different inhibitor compounds display substantial plasticity and 
that structurally diverse surface-exposed moieties in CR8, DRF053, 
roscovitine and flavopiridol can facilitate CDK12–cyclin K recruitment. 
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Small differences in their ability to stabilize the DDB1–CDK12 complex 
translate, in an almost binary manner, into the cellular degradation of 
cyclin K or lack thereof. This behaviour is reminiscent of CRL4CRBN and 
thalidomide analogues11,26, in which an apparent affinity threshold must 
be overcome to drive drug-induced degradation of the target protein.

Cyclin K degradation adds to CR8 toxicity
Finally, to examine how CRL4-mediated degradation of cyclin K contrib-
utes to CR8 cytotoxicity compared to non-degradative CDK inhibition, we 
analysed CR8 toxicity in wild-type HEK293T-Cas9 cells and cells that were 
pretreated with MLN4924 (a NEDD8-activating enzyme inhibitor), subject 
to DCAF overexpression or genetically depleted of DDB1. Global inhibi-
tion of the activity of cullin-RING ligases by MLN4924 had only minor 
effects on cell viability (Extended Data Fig. 9a), but resulted in decreased 
sensitivity to CR8 (Extended Data Fig. 9b), showing that the neddylation of 
cullin-RING ligases substantially contributes to CR8 toxicity. Overexpres-
sion of the substrate receptor CRBN also affected the sensitivity of cells to 
CR8 and decreased the degradation of cyclin K (Extended Data Fig. 9c–g), 
presumably by reducing the free pool of DDB1. As expected, CR8-induced 
degradation of cyclin K was dependent on DDB1 (Fig. 3f) and, consist-
ently, we found that cytotoxicity of CR8—but not that of the other CDK 
inhibitors—was tenfold lower in cells depleted of DDB1 (Fig. 3g, Extended 
Data Fig. 9h). Together, the data demonstrate that the CRL4-dependent 
gain-of-function glue degrader activity of CR8 strongly contributes to its 
cellular potency and provides an additional layer of orthologue-specific 
CDK inactivation through cyclin K degradation.

Kinase inhibitors have long been suspected to have a degradation com-
ponent to their mode of action27,28, and our work provides a characteriza-
tion and structural dissection of how a kinase inhibitor scaffold acquires 
degrader properties. Molecular glue degraders have thus far only been 
shown to engage substrate-recruiting E3 ligase modules. CDK12 is not a 
constitutive E3 ligase component, but rather serves as a drug-induced 
substrate receptor, linking DDB1 to the ubiquitination target. CR8 thus 
bypasses the requirement for a canonical DCAF and instead hijacks the 
essential adaptor protein DDB1. Although cyclin K is the primary ubiqui-
tination target, CDK12 may become subject to autoubiquitination after 
prolonged exposure to CR8, in a similar manner to canonical DCAFs29,30.

Whereas previously reported molecular glue degraders engage a 
ligandable pocket on the ligase to recruit target proteins, CR8 instead 
binds the ATP pocket of CDK12 and does not rely on an independent 
ligand-binding site on DDB1 (Extended Data Fig. 4h). This suggests that the 
repertoire of target proteins and ubiquitin ligases accessible to targeted 
degradation can be expanded through target-binding small molecules 
that induce de novo contacts with a ligase or strengthen existing weak 
protein–protein interactions. Kinase inhibitors in particular often show 
poor selectivity, and small-molecule-induced inactivation of kinases 
that leverages complementary protein–protein interfaces offers a path 
towards improved drug selectivity—which might, for example, facilitate 
the selective inactivation of CDK12, an emerging therapeutic target31.

The gain-of-function glue degrader activity of CR8 is attributed to 
a 2-pyridyl moiety exposed on the kinase surface. Mutations of single 
residues that are exposed on the protein surface have been shown to 
promote the formation of higher-order protein complexes; the hae-
moglobin Glu to Val mutation, for example, induces polymerization 
in sickle cell anaemia32. Accordingly, single-residue mutations that 
are designed to increase surface hydrophobicity give rise to ordered 
protein assemblies33. Bound compounds—for example, enzyme inhibi-
tors—can in principle mimic such amino acid changes and thereby 
have strong effects on the protein interaction landscape, suggesting 
that compound-induced protein–protein interactions may be more 
common than previously recognized. Together, our results suggest 
that the modification of surface-exposed regions in target-binding 
small molecules is a rational strategy that could be used to develop 
molecular glue degraders for a given protein target.
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Methods

Data reporting
No statistical methods were used to predetermine sample size. The 
experiments were not randomized and the investigators were not 
blinded to allocation during experiments and outcome assessment.

Mammalian cell culture
The human HEK293T cell lines were provided by the Genetic Pertur-
bation Platform, Broad Institute and the K562-Cas9, THP1-Cas9 and 
P31FUJ-Cas9 cell lines were provided by Z. Tothova (Broad Institute). 
MOLT-4 cells were purchased from ATCC and HEK293T-Cas9 cells26 
and MM1S-Cas9 cells34 were previously published. Sf9 cells were 
purchased from Thermo Fisher Scientific and Hi5 cells were pur-
chased from Expression Systems. HEK293T, K562-Cas9, THP1-Cas9, 
P31FUJ-Cas9, HEK293T-Cas9, MM1S-Cas9 and MOLT-4 cell lines were 
mycoplasma-negative and authenticated by STR profiling. Sf9 and Hi5 
cells were authenticated by the vendor. HEK293T cells were cultured in 
Dulbecco’s modified Eagle’s medium (DMEM (Gibco) and all other cell 
lines in RPMI (Gibco), with 10% fetal bovine serum (FBS) (Invitrogen), 
glutamine (Invitrogen) and penicillin–streptomycin (Invitrogen) at 
37 °C and 5% CO2.

Compounds
(R)-CR8 (3605) was obtained from Tocris, (S)-CR8 (ALX-270-509-M005) 
and flavopiridol (ALX-430-161-M005) from Enzo Life Sciences, roscovi-
tine (HY-30237), THZ531 (HY-103618) and LDC00067 (HY-15878) from 
MedChem Express and DRF053 (D6946) from Sigma.

Antibodies
The following antibodies were used in this study: anti-cyclin K 
(Bethyl Laboratories, A301-939A for full length cyclin K), anti-cyclin 
K (Abcam, ab251652, for cyclin K(1–267), anti-β-actin (Cell Signaling, 
3700), anti-CRBN (Sigma Prestige, HPA045910), anti-mouse 800CW 
(LI-COR Biosciences, 926-32211), anti-rabbit 680LT (LI-COR Biosciences,  
925-68021) and anti-rabbit IgG antibodies (Abcam, ab6721).

Reporter vectors
The following reporters were used in this study: Artichoke (SFFV.
BsmBICloneSite-17aaRigidLinker-eGFP.IRES.mCherry.cppt.EF1α.
PuroR, Addgene 73320) for genome-wide screen and validation experi-
ments; Cilantro 2 (PGK.BsmBICloneSite-10aaFlexibleLinker-eGFP.IRES.
mCherry. cppt.EF1α.PuroR, Addgene 74450) for degradation kinet-
ics; sgBFP (sgRNA.SFFV.tBFP) for validation of drug–E3 ligase pairs; 
sgRFP657 (sgRNA.EFS.RFP657) for validation of drug–E3 ligase pairs; 
and sgPuro (pXPR003, Addgene 52963) for drug-sensitivity assays.

Oligonucleotides
List of all oligonucleotides used in this study can be found in Supple-
mentary Table 1.

Bioinformatic screen
We computed Pearson correlations of the toxicity of PRISM repurpos-
ing compounds in 8 doses and 578 cell lines4 with gene expression 
and copy-number variation of all detectable protein-coding genes of 
matched cell lines from The Cancer Cell Line Encyclopedia (CCLE)5. A 
z score was computed for each pair of compounds, dose toxicity and 
genomic feature (gene expression or copy-number variation) across 
all cell lines. For each compound–genomic feature pair, the most 
extreme correlations are ranked from negative to positive. To focus 
on novel relationships between compounds and genes, we restricted 
genes to a curated list of 499 E3 ligase components and compounds 
that are not an ‘EGFR inhibitor’, ‘RAF inhibitor’ or ‘MDM inhibitor’ on 
the basis of PRISM repurposing annotation5. Hit compounds were 
selected if either the z score was less than −6 or the compound was 

ranked in the top 15 with a z score less than −4. The resulting list of 158 E3 
gene–compound pairs was further curated and shortened manually to  
96 E3 gene–compound pairs, which included 95 unique E3 ligases and 
85 unique compounds.

Cloning and lentiviral packaging of sgRNAs targeting 95 E3 
ligases
sgRNAs targeting E3 ligases were selected from the human Brunello 
CRISPR library35. A total of 170 pairs of oligonucleotides (IDT) target-
ing 95 E3 ligases were annealed and cloned into the sgRNA.SFFV.tBFP 
(guide ID A) or sgRNA.EFS.RFP657 (guide ID B) fluorescent vectors in a 
96-well format using previously published protocols36. In brief, vectors 
were linearized with BsmBI (New England Biolabs) and gel-purified 
with the Spin Miniprep Kit (Qiagen). Annealed oligonucleotides were 
phosphorylated with T4 polynucleotide kinase (New England Biolabs) 
and ligated into the linearized and purified vector backbones with T4 
DNA ligase (New England Biolabs). Constructs were transformed into 
XL10-Gold ultracompetent Escherichia coli (Stratagene/Agilent Tech-
nologies), plasmids were purified using the Miniprep Kit (Qiagen), and 
the guide sequence was confirmed by Sanger sequencing. For validation 
of the primary screen, virus was produced in a 96-well format. In brief, 
11,000 HEK293T cells were seeded per well in 100 μl DMEM medium 
supplemented with 10% FBS and penicillin–streptomycin–glutamine. 
The next day a packaging mix was prepared in a 96-well plate consist-
ing of 500 ng psPAX2, 50 ng pVSV-G and 17 ng sgRNA backbone in 5 μl 
OptiMem (Invitrogen) and incubated for 5 min at room temperature. 
This mix was combined with 0.1 μl TransIT-LT1 (Mirus) in 5 μl OptiMem, 
incubated for 30 min at room temperature and then applied to cells. 
Two days after transfection, dead cells were removed by centrifuga-
tion and lentivirus-containing medium was collected and stored at 
−80 °C before use.

Validation of drug–E3 ligase pairs from the bioinformatic screen
K562-Cas9, OVK16-Cas9, A564-Cas9, ES2-Cas9 and MOLM13-Cas9 cell 
lines were individually transduced with 192 sgRNAs targeting 95 E3 
ligases in a 96-well plate format. Exactly 3,000 cells per well were plated 
in 100 μl RPMI supplemented with 10% fetal calf serum (FCS) and penicil-
lin–streptomycin–glutamine and 30 μl per well of virus supernatant was 
added. The medium was changed 24 hours after infection. After three 
days, the percentage of sgRNA-transduced cells was determined by flow 
cytometry. If more than 60% of cells were transduced, untransduced 
cells were added to bring the level below 60%. Eight days after infection, 
the cell density was measured and adjusted to 1.5 ×105 cells per ml with 
RPMI. For treatment, 50 μl of sgRNA-transduced cells were seeded into 
each well of a 384-well plate with preplated DMSO or cognate drug in 
three concentrations (0.1 μM, 1 μM or 10 μM) with the Agilent BRAVO 
Automated Liquid Handling Platform. Plates were sealed with White 
Rayon adhesive sealing tape (Thermo Fisher Scientific) and grown 
for three days. Adherent cell lines were trypsinized and resuspended 
in 50 μl RPMI with Matrix WellMate (Thermo Fisher Scientific). Sus-
pension cells were directly subjected to analysis. Around 10 μl of cell 
suspension was subjected to flow analysis with a FACSCanto equipped 
with a high throughput sampler (BD Biosciences). The percentage of 
sgRNA-transduced cells in the drug-treatment wells was normalized to 
the DMSO control. Wells with fluorescent drug and samples with fewer 
than 120 viable cells or less than 6% fluorescent cells were removed from 
the analysis. All E3–drug pairs were ranked on the basis of the number 
of experimental conditions (cell line and drug dose) with more than 
50% of sgRNA-transduced cells in drug-treatment wells in comparison 
with the corresponding DMSO control wells.

Validation of DDB1-resistance phenotype
For validation experiments, virus was produced in a six-well plate 
format, as described above with the following adjustments: 2.5 × 105 
HEK293T cells per well in 2 ml DMEM medium, 3 μl per well TransIT-LT1, 



15 μl per well OPTI-MEM, 500 ng per well of the desired plasmid, 500 ng 
per well psPAX2 and 50 ng per well pVSV-G in 32.5 μl per well OPTI-MEM. 
After collecting the virus, 10 × 103 HEK293T-Cas9 cells in 100 μl DMEM 
medium were transduced with 10 μl of virus supernatant. The trans-
duced HEK293T-Cas9 cells were then mixed with untransduced control 
cells in a 1:9 ratio. Nine days after sgRNA transduction, cells were treated 
for three days with DMSO or 1 μM CR8 and analysed by flow cytometry to 
determine the percentage of BFP+ cells. sgRNAs targeting DDB1 provide 
partial depletion of DDB1 (50% DDB1 alleles modified, reducing DDB1 
levels by roughly 50%), which suggests selection towards heterozygous 
or hypomorphic clones.

Whole-proteome quantification using tandem mass tag mass 
spectrometry
Around 10 × 106 MOLT-4 cells were treated with DMSO (triplicate) 
or 1 μM CR8 (single replicate) for 1 h or 5 h and later were collected 
by centrifugation. Samples were processed, measured and analysed 
as described before37. Data are available in the PRIDE repository 
(PXD016187 and PXD016188).

Quantitative PCR
HEK293T-Cas9 cells were treated with DMSO or 1 μM CR8 for 2 h, col-
lected by centrifugation, washed with phosphate-buffered saline (PBS) 
and snap-frozen at −80 °C. mRNA was isolated using a QIAGEN RNA kit 
(Qiagen, 74106). For cDNA synthesis, total RNA was reverse-transcribed 
using a High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher 
Scientific) before quantitative PCR (qPCR) analysis with TaqMan Fast 
Advanced Master Mix (Thermo Fisher Scientific, 4444557) for CCNK 
(TaqMan, Hs00171095_m1, Life Technologies) and GAPDH (TaqMan, 
Hs02758991_g1). Reactions were run and analysed on a CFX96 Real 
Time system (Bio-Rad).

Immunoblots for whole-protein lysate
Cells were washed with PBS and lysed (150 mM NaCl, 50 mM Tris  
(pH 7.5), 1% NP-40, 1% glycerol, 1× Halt Cocktail protease and phos-
phatase inhibitors) for 20 min on ice. The insoluble fraction was 
removed by centrifugation, the protein concentration was quantified 
using a BCA protein assay kit (Pierce), and an equal amount of lysate 
was run on SDS–PAGE 4–12% Bis–Tris Protein Gels (NuPAGE, Thermo 
Fisher Scientific) and then transferred to nitrocellulose membrane 
with a Trans-Blot Turbo System (Bio-Rad). Membranes were blocked 
in Odyssey Blocking Buffer/PBS (LI-COR Biosciences) and incubated 
with primary antibodies overnight at 4 °C. The membranes were then 
washed in Tris-buffered saline with Tween 20 (TBS-T), incubated for  
1 h with secondary IRDye-conjugated antibodies (LI-COR Biosciences) 
and washed three times in TBS-T for 5 min before near-infrared western 
blot detection on an Odyssey Imaging System (LI-COR Biosciences).

Cyclin K reporter stability analysis
HEK293T-Cas9 cells expressing the cyclin KeGFP degradation reporter 
were transduced with experimental sgRNAs. Nine days after infection, 
the cells were dosed for 2 h with DMSO or 1 μM CR8 and the fluorescent 
signal was quantified by flow cytometry (CytoFLEX, Beckman or LSR-
Fortessa flow cytometer, BD Biosciences). Using FlowJo (flow cytometry 
analysis software, BD Biosciences), the geometric mean of the eGFP 
and mCherry fluorescent signal for round and mCherry-positive cells 
was calculated. The ratio of eGFP to mCherry was normalized to the 
average of three DMSO-treated controls.

Genome-wide CRISPR screen for CR8 resistance
Five per cent (v/v) of the human genome-wide CRISPR-KO Brunello 
library with 0.4 μl polybrene ml−1 (stock of 8 mg ml−1) was added to  
1.5 × 108 HEK293T-Cas9 cells in 75 ml medium and transduced (2,400 rpm,  
2 h, 37 °C). Twenty-four hours after infection, sgRNA-transduced cells 
were selected with 2 μg ml−1 puromycin for two days. On the ninth day 

after infection, cells were treated with either DMSO (n = 1) or 1 μM CR8 
(n = 1) and cultured for an additional three days. Resistant live cells were 
selected by gently washing away detached dead cells from the medium. 
Cell pellets were resuspended in multiple direct lysis buffer reactions 
(1 mM CaCl2, 3 mM MgCl2, 1 mM EDTA, 1% Triton X-100, Tris pH 7.5, with 
freshly supplemented 0.2 mg ml−1 proteinase K) with 1 × 106 cells per 
100-μl reaction. The sgRNA sequence was amplified in a first PCR reac-
tion with eight staggered forward primers. Direct lysed cells (20 μl) 
were mixed with 0.04U Titanium Taq (Takara Bio 639210), 0.5× Tita-
nium Taq buffer, 800 μM dNTP mix, 200 nM SBS3-Stagger-pXPR003 
forward primer and 200 nM SBS12-pXPR003 reverse primer in a 50-μl 
reaction (cycles: 5 min at 94 °C, 15 × (30 s at 94 °C, 15 s at 58 °C, 30 s at 
72 °C), 2 min at 72 °C). Exactly 2 μl of the first PCR reaction was used as 
the template for 15 cycles of the second PCR, in which Illumina adapt-
ers and barcodes were added (0.04U Titanium Taq, 1× Titanium Taq 
buffer, 800 μM dNTP mix, 200 nM P5-SBS3 forward primer, 200 nM 
P7-barcode-SBS12 reverse primer). An equal amount of all samples 
was pooled and subjected to preparative agarose electrophoresis fol-
lowed by gel purification (Qiagen). Eluted DNA was further purified by 
NaOAc and isopropanol precipitation. Amplified sgRNAs were quanti-
fied using the Illumina NextSeq platform (Genomics Platform, Broad 
Institute). Read counts for all guides targeting the same gene were used 
to generate P values. Hits enriched in the resistant population with a 
false discovery rate (FDR) < 0.05 and enriched more than fivefold are 
labelled on the plot38 (Fig. 1f).

Bison CRISPR screen for CR8 resistance
The Bison CRISPR library targets 713 E1, E2 and E3 ubiquitin ligases, 
deubiquitinases and control genes and contains 2,852 guide RNAs. It 
was cloned into pXPR003 as previously described35 by the Broad Insti-
tute Genetic Perturbation Platform (GPP). The virus for the library was 
produced in a T-175 flask format, as described above with the following 
adjustments: 1.8 × 107 HEK293T cells in 25 ml complete DMEM medium, 
244 μl TransIT-LT1, 5 ml OPTI-MEM, 32 μg library, 40 μg psPAX2 and 4 μg 
pVSV-G in 1 ml OPTI-MEM. Ten per cent (v/v) of the Bison CRISPR library 
was added to 6 × 106 HEK293T-Cas9 cells in triplicates and transduced. 
Samples (n = 3) were processed as described above for the genome-wide 
resistance screen.

Genome-wide CRISPR screen for cyclin K reporter stability
A single clone of cyclin KeGFP HEK293T-Cas9 was transduced with the 
genome-wide Brunello library as described above with the follow-
ing modification: 4.5 × 108 cyclin KeGFP HEK293T-Cas9 cells in 225 ml 
medium. Nine days later, cells were treated with CR8 (n = 3) or DMSO 
(n = 3) for at least 2 h and the cyclin K stable population was separated 
using fluorescence-activated cell sorting (FACS). Four populations were 
collected (top 5%, top 5–15%, lowest 5–15% and lowest 5%) on the basis 
of the cyclin KeGFP to mCherry mean fluorescent intensity (MFI) ratio on 
an MA900 Cell Sorter (Sony). Sorted cells were collected by centrifuga-
tion and subjected to direct lysis as described above. The screen was 
analysed as described below by comparing stable populations (top 5% 
eGFP/mCherry expression) to unstable populations (lowest 15% eGFP/
mCherry expression). Hits enriched in the cyclin K stable population 
with FDR < 0.05 are labelled on the plot (Fig. 1g).

Data analysis of the pooled CRISPR screens
The data analysis pipeline comprised the following steps. (1) Each 
sample was normalized to the total number of reads. (2) For each 
guide, the ratio of reads in the stable versus the unstable sorted gate 
was calculated, and sgRNAs were ranked. (3) The ranks for each guide 
were summed for all replicates. (3) The gene rank was determined 
as the median rank of the four guides targeting it. (4) P values were 
calculated by simulating a distribution with guide RNAs that had ran-
domly assigned ranks over 100 iterations. R scripts can be found in the  
Supplementary Information.
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Screen with arrayed DCAF library
An arrayed DCAF library (targeting DCAF substrate receptors, DCAF-like 
and control genes) was constructed as described above with the 
appropriate oligonucleotides (Supplementary Table 1). K562-Cas9, 
P31FUJ-Cas9, THP1-Cas9 and MM1S-Cas9 cells were individually trans-
duced and treated with DMSO or 1 μM CR8 (K562-Cas9, P31FUJ-Cas9, 
THP1-Cas9) or 0.1 μM CR8 (MM1S-Cas9). The analysis was performed as 
described above for the validation of the DDB1-resistance phenotype.

Protein purification
Human wild-type and mutant versions of DDB1 (Uniprot entry Q16531), 
CDK12 (Q9NYV4, K965R) and cyclin K (O75909) were subcloned into 
pAC-derived vectors39 and recombinant proteins were expressed as 
N-terminal His6, His6–Spy, StrepII or StrepII–Avi fusions in Trichoplu-
sia ni High Five insect cells using the baculovirus expression system 
(Invitrogen)40.

Wild-type or mutant forms of full-length or BPB domain deletion 
(ΔBPB: amino acids 396–705 deleted) constructs of His6–DDB1 and 
StrepII–Avi–DDB1 were purified as previously described for DDB1–
DCAF complexes12. High Five insect cells co-expressing truncated 
versions of wild-type or mutant His6–CDK12 (amino acids 713–1052 
or 713–1032) and His6- or His6–Spy-tagged cyclin K (amino acids 
1–267) were lysed by sonication in 50 mM Tris-HCl (pH 8.0), 500 mM 
NaCl, 10% (v/v) glycerol, 10 mM MgCl2, 10 mM imidazole, 0.25 mM 
tris(2-carboxyethyl)phosphine (TCEP), 0.1% (v/v) Triton X-100, 1 mM 
phenylmethylsulfonylfluoride (PMSF) and 1× protease inhibitor cock-
tail (Sigma). After ultracentrifugation, the soluble fraction was passed 
over HIS-Select Ni2+ affinity resin (Sigma), washed with 50 mM Tris-HCl  
(pH 8.0), 1 M NaCl, 10% (v/v) glycerol, 0.25 mM TCEP and 10 mM imi-
dazole and eluted in 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% (v/v) 
glycerol, 0.25 mM TCEP and 250 mM imidazole. When necessary, affin-
ity tags were removed by overnight tobacco etch virus (TEV) protease 
treatment. In cases of HIS-Select Ni2+ affinity-purified CDK12–cyclin 
K that was not subjected to TEV cleavage, the pH of the eluate was 
adjusted to 6.8 before ion-exchange chromatography. StrepII-tagged 
versions of CDK12–cyclin K were affinity-purified using Strep-Tactin 
Sepharose (IBA), omitting imidazole in lysis, wash and elution buffers,  
supplementing the elution buffer with 2.5 mM desthiobiotin (IBA 
GmbH) and using 50 mM Tris-HCl (pH 6.8) throughout.

For ion-exchange chromatography, affinity-purified proteins were 
diluted in a 1:1 ratio with buffer A (50 mM Tris-HCl (pH 6.8), 10 mM 
NaCl, 2.5% (v/v) glycerol and 0.25 mM TCEP) and passed over an 8-ml 
Poros 50HQ column. The flow-through was again diluted in a 1:1 ratio 
with buffer A and passed over an 8-ml Poros 50HS column. Bound pro-
teins were eluted by a linear salt gradient mixing buffer A and buffer B  
(50 mM Tris-HCl (pH 6.8), 1 M NaCl, 2.5% (v/v) glycerol and 0.25 mM 
TCEP) over 15 column volumes to a final ratio of 80% buffer B. Poros 
50HS peak fractions containing the CDK12–cyclin K complex were con-
centrated and subjected to size-exclusion chromatography in 50 mM 
HEPES (pH 7.4), 200 mM NaCl, 2.5% (v/v) glycerol and 0.25 mM TCEP. 
The concentrated proteins were flash-frozen in liquid nitrogen and 
stored at −80 °C.

Co-immunoprecipitation assay
The purified CDK12His6–cyclin KStrepII complex was mixed with equi-
molar concentrations of full-length His6-tagged DDB1 or TEV-cleaved 
DDB1(ΔBPB) (5 μM) in the presence of 5 μM (R)-CR8 or DMSO in immu-
noprecipitation (IP) buffer (50 mM HEPES (pH 7.4), 200 mM NaCl, 
0.25 mM TCEP and 0.05% (v/v) Tween-20) containing 1 mg ml−1 bovine 
serum albumin. The solution was added to Strep-Tactin MacroPrep 
beads (IBA GmbH) pre-equilibrated in IP buffer and incubated for 
1 h at 4 °C on an end-over-end shaker. The beads were extensively 
washed with IP buffer, and the bound protein was eluted with IP buffer 
containing 2.5 mM desthiobiotin for 1 h at 4 °C on an end-over-end 

shaker. Eluted proteins were separated by SDS–PAGE and stained 
with Coomassie blue.

Crystallization and data collection
The protein solution for crystallization contained 70 μM TEV-cleaved 
DDB1(ΔBPB), 80 μM (R)-CR8 and 80 μM TEV-cleaved CDK12–cyclin K in 
50 mM HEPES (pH 7.4), 200 mM NaCl and 0.25 mM TCEP. Crystals were 
grown by vapour diffusion in drops containing 200 nl DDB1(ΔBPB)–
(R)-CR8–CDK12(713–1052)–cyclin K(1–267) complex solution mixed 
with 200 nl of reservoir solution containing 0.9 M ammonium citrate 
tribasic (pH 7.0) in two-well-format sitting drop crystallization plates 
(Swissci). Plates were incubated at 19 °C and crystals appeared 5–13 days 
after set-up. Crystals were flash-cooled in liquid nitrogen in reservoir 
solution supplemented with 25% (v/v) glycerol as a cryoprotectant 
before data collection. Diffraction data were collected at the Swiss 
Light Source (SLS; beamline PXI) with an Eiger 16M detector (Dectris) 
at a wavelength of 1 Å and a crystal cooled to 100 K. Data were processed 
with DIALS, scaled with AIMLESS supported by other programs of the 
CCP4 suite41 and converted to structure factor amplitudes with STA-
RANISO42, applying a locally weighted CC1/2 = 0.3 resolution cut-off.

Structure determination and model building
The DDB1(ΔBPB)–(R)–CR8–CDK12(713–1052)–cyclin K(1–267) complex 
formed crystals belonging to space group P3121, with three complexes in 
the crystallographic asymmetric unit. Their structure was determined 
using molecular replacement in Phaser43 with a search model derived 
from PDB entry 6H0F for DDB1(ΔBPB) and PDB entry 4NST for CDK12–
cyclin K. The initial model was improved by iterative cycles of building 
with Coot44, and refinement using phenix.refine45 or autoBUSTER46, 
with ligand restraints generated using eLBOW through phenix.ready_
set47. The final model was produced by refinement with autoBUSTER. 
Analysis with MolProbity48 indicates that 93.9% of the residues in the 
final model are in favourable regions of the Ramachandran plot, with 
0.6% outliers. Data processing and refinement statistics are provided 
in Extended Data Table 1. Interface analysis was performed using PISA49.

Biotinylation of DDB1
Purified full-length StrepII–Avi–DDB1 was biotinylated in vitro at a 
concentration of 8 μM by incubation with final concentrations of 2.5 μM  
BirA enzyme and 0.2 mM d-biotin in 50 mM HEPES (pH 7.4), 200 mM 
NaCl, 10 mM MgCl2, 0.25 mM TCEP and 20 mM ATP. The reaction was 
incubated for 1 h at room temperature and stored at 4 °C for 14–16 h. 
Biotinylated DDB1 (DDB1biotin) was purified by gel-filtration chroma-
tography and stored at −80 °C (around 20 μM).

TR-FRET
Increasing concentrations of Alexa488–SpyCatcher-labelled26 His6–
Spy–cyclin K in complex with His6–CDK12 (CDK12–cyclinKAlexa488) were 
added to a mixture of DDB1biotin at 50 nM, terbium-coupled streptavidin 
at 4 nM (Invitrogen) and compounds at 10 μM (final concentrations) in 
384-well microplates (Greiner, 784076) in a buffer containing 50 mM 
Tris (pH 7.5), 150 mM NaCl, 0.1% pluronic acid and 0.5% DMSO (see 
also figure legends). Before TR-FRET measurements, reactions were 
incubated for 15 min at room temperature. After excitation of terbium 
fluorescence at 337 nm, emissions at 490 nm (terbium) and 520 nm 
(Alexa488) were measured with a 70-μs delay to reduce background 
fluorescence and the reactions were followed by recording 60 data 
points of each well over 1 h using a PHERAstar FS microplate reader 
(BMG Labtech). The TR-FRET signal of each data point was extracted 
by calculating the 520:490 nm ratio. Data were analysed with Prism 
7 (GraphPad) assuming equimolar binding of DDB1biotin to CDK12–
cyclinKAlexa488 using the equations described previously8.

Counter-titrations with unlabelled proteins were carried out by 
mixing 500 μM CDK12–cyclinKAlexa488 with 50 nM DDB1biotin in the pres-
ence of 4 nM terbium-coupled streptavidin and 1 μM compound for 



titrations with unlabelled DDB1 or 12.5 μM compound for titrations with 
unlabelled CDK12. After incubation for 15 min at room temperature, 
increasing amounts of unlabelled CDK12–cyclin K or DDB1 (0–10 μM) 
were added to the preassembled CDK12–cyclinKAlexa488–DDB1biotin com-
plexes in a 1:1 volume ratio and incubated for 15 min at room tempera-
ture. TR-FRET data were acquired as described above. The 520:490 nm 
ratios were plotted to calculate the half maximal inhibitory concentra-
tions (IC50) assuming a single binding site using Prism 7 (GraphPad). 
IC50 values were converted to the respective inhibition constant (Ki) 
values as described previously50. Three technical replicates were car-
ried out per experiment.

CUL4–RBX1–DDB1 reconstitution and in vitro CUL4 neddylation
In vitro CRL4 reconstitution and CUL4 neddylation were performed 
as described11. CUL4AHis6–RBX1His6 at 3.5 μM was incubated with 
His6-tagged DDB1 at 3 μM in a reaction mixture containing 3.8 μM 
NEDD8, 50 nM NAE1–UBA3 (E1), 30 nM UBC12 (E2), 1 mM ATP, 50 mM Tris 
(pH 7.5), 100 mM NaCl, 2.5 mM MgCl2, 0.5 mM DTT and 5% (v/v) glycerol 
for 1.5 h at room temperature. Neddylated and gel-filtration-purified 
CUL4–RBX1–DDB1 (CUL4NEDD8–RBX1–DDB1) was concentrated to  
7.6 μM, flash-frozen and stored at −80 °C.

In-vitro ubiquitination assays
In vitro ubiquitination was performed by mixing CUL4NEDD8–RBX1–
DDB1 at 70 nM with a reaction mixture containing compounds at 2 μM, 
CDK12–cyclin K at 500 nM, E1 (UBA1, Boston Biochem) at 50 nM, E2 
(UBCH5a, Boston Biochem) at 1 μM and ubiquitin at 20 μM. Reactions 
were carried out in 50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM MgCl2, 0.2 mM 
CaCl2, 1 mM ATP, 0.1% Triton X-100 and 0.1 mg ml−1 bovine serum albumin 
(BSA), incubated for 0–30 min at 30 °C and analysed by western blot 
using anti-cyclin K and anti-rabbit IgG antibodies. Blots were scanned 
on an Amersham 600 CCD-based imaging system (GE Life Sciences).

ITC
ITC experiments were performed at 25 °C on a VP-ITC isothermal 
titration calorimeter (Microcal). Purified and TEV-cleaved CDK12–
cyclin K and DDB1(ΔBPB) were exhaustively dialysed in 50 mM HEPES  
(pH 7.4), 150 mM NaCl, 0.25 mM TCEP and 0.5% DMSO and loaded into 
the sample cell at a final concentration of 10–50 μM. Kinase inhibitors 
(CR8 or roscovitine) were diluted from a 100 mM DMSO stock solution 
to 100–500 μM in buffer containing 50 mM HEPES (pH 7.4), 150 mM 
NaCl and 0.25 mM TCEP. The final DMSO concentration was 0.5%. Titra-
tions with 100–500 μM compound were performed typically through 
about 30 injections of 6–10 μl at 210-s intervals from a 300-μl syringe 
rotating at 300 rpm. An initial injection of the ligand (4 μl) was made 
and discarded during data analysis. For probing DDB1–CDK12–cyclin K 
complex formation, DDB1(ΔBPB) (100 μM, in the syringe) was titrated 
into the cell containing CDK12–cyclin K (10 μM) or CDK12–cyclin K  
(10 μM) pre-incubated with CR8 (30 μM). The heat change accompany-
ing the titration was recorded as differential power by the instrument 
and determined by integration of the peak obtained. Titrations of ligand 
to buffer only and buffer into protein were performed to allow baseline 
corrections. The heat change was fitted using nonlinear least-squares 
minimization to obtain the dissociation constants (Kd), the enthalpy 
of binding (ΔH) and the stoichiometry (N). Between one and three 
replicates were performed per titration.

Bioluminescence resonance energy transfer analyses
Bioluminescence resonance energy transfer (BRET) experiments were 
performed using a NanoBRET PPI starter kit (Promega N1821) accord-
ing to the manufacturer’s instructions and as previously described51.

Drug-sensitivity assays
HEK293T-Cas9 cells were resuspended at 0.15 × 106 per ml and plated on 
a 384-well plate with 50 μl per well and MLN4924, MLN7243 or MG132 

with or without CR8 serially diluted with D300e Digital Dispenser 
(Tecan).

HEK293T-Cas9 cells (0.625 × 106 cells per well of a 6-well plate) 
were seeded the day before transfection. The following day, 2.5 ug of 
pRSF91-GFP or pRSF91-CRBN9 plasmid DNA was mixed with 250 μl Opti-
Mem and 7.5 μl TransIT-LT1 (Mirus Bio) according to the manufacturer’s 
protocol. Two days (48 h) after transfection, cells were resuspended at 
0.15 × 106 cells per ml and plated on a 384-well plate with 50 μl per well.

HEK293T-Cas9 cells were transduced with sgRNAs targeting either 
DDB1 or luciferase in a pXPR003 backbone (GPP) (Supplementary 
Table 1). After nine days of puromycin selection, cells were replated 
into a 96-well format with 2 × 104 cells per well and CR8 and roscovitine 
were serially diluted with D300e Digital Dispenser (Tecan).

After three days of drug exposure, cell viability was assessed using 
the CellTiter-Glo luminescent assay (Promega, G7572) on an EnVision 
Multilabel Plate Reader (Perkin Elmer) or CLARIOstar Plus, MARS 3.4 
(BMG LabTech). Cell viabilities were calculated relative to DMSO con-
trols. The half-maximum effective concentration (EC50) values were 
derived from standard four-parameter log-logistic curves fitted with 
the ‘dr4pl’ R package.

Cyclin K reporter stability analysis with CRBN overexpression
HEK293T-Cas9 cells expressing the cyclin KeGFP degradation reporter 
were transiently transfected with pLX307-Luc or pLX307-CRBN (for flow 
experiment) as described above and 48 h after infection were treated 
with CR8 for 2 h and analysed by flow cytometry.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
Structural data have been deposited in the PDB under the accession 
code 6TD3. Proteome quantification data are available in the PRIDE 
repository (PXD016187 and PXD016188). Additional ITC data are pro-
vided in Supplementary Fig. 1. Uncropped gel and western blot source 
data are shown in Supplementary Fig. 2 and the flow cytometry gating 
strategy is shown in Supplementary Fig. 3.

Code availability
The code necessary to reproduce the statistical analysis is included in 
the Supplementary Information.
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A dependency on traditional antagonistic/agonistic pharma-
cologic concepts has limited the reach of small-molecule 
strategies. This in turn has contributed to a stagnation in 

therapeutic innovation caused by an inability to pursue some of the 
best-validated targets in life-threatening diseases such as cancer. 
A promising alternative to pharmacologic modulation of protein 
activity is to regulate the abundance of disease-causing proteins, 
for instance by chemically redirecting them to E3 ubiquitin ligases 
for degradation. A strong emphasis is currently placed on hetero-
bifunctional degraders, often referred to as PROTACs (proteolysis 
targeting chimeras), which simultaneously bind target and ligase 
with dedicated warheads that are connected by a flexible linker1–6. 
While this modular design principle allows for a straightforward 
alteration of the degraded neosubstrate by switching the respec-
tive warhead, the overall proteomic space that is degradable via 
PROTACs is intrinsically limited to target proteins that can effec-
tively be liganded via small organic molecules.

Conversely, molecular glue degraders were shown to degrade 
unligandable proteins. Mechanistic characterization of the clinically 
approved thalidomide analogs (IMiDs) as molecular glue degraders 
exemplify how this particular molecular pharmacology can expand 
the therapeutically actionable space in the human proteome7. 
Binding of IMiDs to the CRL4CRBN E3 ligase causes recruitment of 
selected zinc finger transcription factors, leading to their ubiquiti-
nation and subsequent proteasomal degradation8–11. It is worth not-
ing that IMiDs have per se no measurable binding affinity to the 
degraded transcription factors. However, they orchestrate molecu-
lar recognition between ligase and transcription factors by inducing 
several protein–protein interactions proximal to the binding inter-
face. Mechanistically similar to IMiDs, certain aryl sulfonamides 
around the clinically tested compound indisulam have recently 

been shown to act as molecular glues between the CRL4DCAF15 ligase 
and the splicing factor RBM39, again causing the targeted degrada-
tion of the latter12–17.

In both cases, the molecular glue mechanism of action there-
fore enables the destabilization of target proteins otherwise con-
sidered unligandable and thus outside the reach of both traditional 
small-molecule inhibitors and likely also of heterobifunctional 
degraders. However, the discovery of molecular glue degraders has 
thus far unfortunately been serendipitous, and a lack of rational 
identification strategies has stymied its general applicability.

To address this limitation, we here describe a scalable strategy 
toward glue degrader discovery by comparative chemical screening 
in hyponeddylated cellular models with broadly abrogated ligase 
activity. In a proof of concept, this led to the identification of a new 
glue degrader that reprograms the CRL4DCAF15 ligase. Of note, this 
strategy also enabled the discovery of three small molecules that 
induce the destabilization of cyclin K. Integrating orthogonal func-
tional genomics approaches with proteomics, drug-affinity chro-
matography and biochemical reconstitution experiments revealed 
an unprecedented mechanism of action that converges on a direct, 
drug-induced proximity between CDK12–cyclin K and DDB1 that 
causes ubiquitination and proteasomal degradation of cyclin K. Of 
note, drug-induced recruitment of CDK12–cyclin K is functionally 
independent of a dedicated substrate receptor (SR), which function-
ally differentiates this mechanism from previously characterized 
glue degraders.

Results
Comparative drug profiling in hyponeddylated cell lines. 
Currently known molecular glue degraders function by chemically 
redirecting cullin-RING ligases (CRLs). CRLs make up the largest 
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family of E3 ubiquitin ligases and are diversified by modular assem-
bly of SRs and adaptor proteins around different cullin backbones, 
leading to an overall complexity consisting of more than 250 CRLs. 
Small-molecule degraders typically function by rewiring CRL SRs 
such as CRBN or DCAF15. CRL hijacking is a strategy of evolu-
tionary dimensions, given that it is also used by several viruses. In 
fact, certain viral proteins evolved to reprogram CRL activity inde-
pendently of SRs by directly engaging other CRL components18. For 
instance, direct association of different viral proteins with the CRL4 
adaptor protein DDB1 was shown to prompt the degradation of 
host proteins such as STAT transcription factors19–22.

Under physiological conditions, the activity of most CRLs is 
dependent on the reversible attachment of the ubiquitin-like pro-
tein NEDD8 to the respective cullin scaffold. NEDD8 conjuga-
tion is orchestrated by an E1 enzyme (NAE), two E2s (UBE2M 
and UBE2F) and several E3 enzymes. The neddylation E1 enzyme 
was identified in plants through a genetic screen of resistance to 
the molecular glue hormone auxin23. Similarly, we recently identi-
fied that CRISPR–Cas9-induced mutation of UBE2M causes resis-
tance to known small-molecule degraders by inactivation of several 
CRLs including CRL4CRBN and CRL2VHL (ref. 24). Here, we set out to 
characterize the hypomorphic phenotype of the mutated UBE2M 
allele in the near-haploid KBM7 cells. Neddylation levels of most 
cullins were abrogated comparably to pharmacologic NAE inhibi-
tion with the exception of cullin 5, which is known to be predomi-
nantly neddylated by UBE2F25,26. No compensatory upregulation 
of UBE2F was detected, and levels of cullin neddylation could be 
restored on genetic rescue via stable UBE2M expression (Fig. 1a).  
While pharmacologic NAE inhibition is toxic in KBM7 cells, 
UBE2Mmut cells did not show a notable proliferative defect despite 
the promiscuous impairment of CRL activity affecting most of the 
expressed ligases (Fig. 1b and Extended Data Fig. 1a–c). We hypoth-
esized that comparative chemical profiling in hyponeddylated ver-
sus neddylation-proficient cells would outline a strategy to screen 
for small molecules that are functionally linked to any of the >200 
expressed CRLs. To this end, we screened a library of approximately 
2,000 cytostatic/cytotoxic small molecules both in wildtype (WT) 
and UBE2Mmut KBM7 cells, which led us to identify several chemi-
cal scaffolds that appeared to be functionally dependent on unin-
terrupted neddylation levels (Fig. 1c and Supplementary Table 1). 
Dose-ranging validation that also extended to isogenic UBE2Mwt 
and UBE2Mmut HCT116 cells led us to prioritize four chemical scaf-
folds, dCeMM1 (1), dCeMM2 (2), dCeMM3 (3) and the closely 
related dCeMM3-1 (4), as well as dCeMM4 (5), for further mecha-
nistic validation (Fig. 1d,e and Extended Data Fig. 1d–f). Of note, 
all four compounds were devoid of any previous functional annota-
tion. To investigate the mechanism of action of dCeMM1, we con-
ducted a focused CRISPR–Cas9 screen using a custom-designed 
single-guide RNA library covering all known CRLs and associated 
regulators (Supplementary Table 2 and Extended Data Fig. 1g). This 
confirmed the requirement on UBE2M, but most notably revealed 
a critical dependence of dCeMM1 efficacy on the CRL4DCAF15 
ligase complex (Fig. 1f). This is in line with previous reports that 
certain serendipitously identified and structurally different sulfon-
amides can act as DCAF15 molecular glues capable of degrading 
the RRM containing proteins RBM39 and RBM23 (refs. 12,13,15–17). 
Coupling cellular dCeMM1 treatment with quantitative proteomics 
via isobaric tagging revealed that dCeMM1 exclusively destabilizes 
RBM39 (Fig. 1g and Supplementary Table 3). Further corroborat-
ing the mechanism as DCAF15 glue degrader, CRISPR-induced 
frameshift mutations in DCAF15 rendered cells insensitive to 
dCeMM1 treatment and rescued RBM39 destabilization (Fig. 1h,i 
and Extended Data Fig. 1h). Collectively, this outlines that com-
parative drug profiling in hyponeddylated cellular models enables 
the identification of new molecular glue degraders that follow an 
established mechanism of action.

Identification of structurally distinct cyclin K degraders. To 
characterize dCeMM2/3/4, we again coupled cellular treatment 
with quantitative expression proteomics. We found that all com-
pounds lead to a pronounced destabilization of cyclin K alongside 
a milder destabilization of both associated kinases CDK12 and 
CDK13 (Fig. 2a and Supplementary Table 3). No other CDKs or 
cyclins were notably destabilized (Extended Data Fig. 2a,b). We 
next validated cyclin K destabilization of all three scaffolds via 
time-resolved immunoblots. Near-complete cyclin K degradation 
was evident already after 2 h (Fig. 2b) whereas levels of CDK12/13 
appeared not acutely affected, but only destabilized on prolonged 
drug incubation. Retained UBE2M dependency of CDK12/13 
degradation, however, indicated that this delayed destabilization 
still occurs via a CRL-dependent mechanism that could be direct 
or indirect in nature (Extended Data Fig. 2c). Moreover, coupling 
cellular treatment with washout experiments revealed a reversible 
binding mode (Extended Data Fig. 2d). To develop a structure–
activity relationship for the assayed scaffolds, we tested a total of 
53 structurally related analogs in dose-ranging viability assays in 
KBM7 WT and UBE2Mmut cells. This informed not only on sites 
amenable for derivatization of functionalized analogs, but also led 
us to identify structurally similar small molecules with no measur-
able activity that are thus ideally suited negative controls. Inactive 
analogs dCeMM2X (6), dCeMM3X (7) and dCeMM4X (8) fail to 
induce pronounced cyclin K destabilization and do not affect KBM7 
cells in dose-ranging viability assays (Extended Data Fig. 2e–g). In 
line with a mechanism of targeted degradation, induced cyclin K 
destabilization was dependent on an active proteasome, could be 
rescued by pharmacologic NAE inhibition and by blocking the 
ubiquitin-activating enzyme UBA1 (Fig. 2c).

Of note, saturating the ATP binding pocket of CDK12/13 by 
treatment with the selective covalent CDK12/13 inhibitor THZ531 
similarly rescued cyclin K destabilization27. This suggests that 
CDK12/13 active site engagement is required for the cyclin K desta-
bilizing effect of the identified hit compounds (Fig. 2c). In line with 
this observation, recombinant kinase assays uncovered a measur-
able inhibitory activity of dCeMM2/3/4 on the enzymatic activity 
of CDK12/13 with a remarkable selectivity over CDK7. However, 
the tenfold reduced potency compared to THZ531 likely does not 
account for the strong cellular efficacy (Fig. 2d and Extended Data 
Fig. 3a). We next aimed to further corroborate CDK12/13–cyclin K 
as phenotypically relevant target of dCeMM2/3/4. To that end, we 
conducted RNA sequencing after 5 h of cellular treatment with all 
identified small molecules and compared the associated, cell-count 
normalized transcriptional footprint with transcriptional profiles  
obtained after selective CDK12/13 inhibition with THZ531. On 
association with cyclin K, CDK12 and CDK13 are known to phos-
phorylate the carboxyterminal domain of RNA Pol II, licensing it 
for processive transcription elongation on a genome-wide scale28. 
In line with a functional impairment of CDK12/13–cyclin K com-
plexes, we observed a global transcriptional downregulation fol-
lowing treatment with dCeMM2/3/4, as well as profound induction 
of apoptosis, without a phase-specific cell-cycle arrest (Fig. 2e, 
Extended Data Fig. 3b,c and Supplementary Table 4). Gene Set 
Enrichment Analysis (GSEA) further validated a profound phe-
notypic similarity between cellular treatment with dCeMM2/3/4 
and selective pharmacologic inhibition of CDK12/13 (Fig. 2f and 
Extended Data Fig. 4a–c). Proteomics profiling at a later timepoint 
(12 h) enabled functional enrichment analysis of the differentially 
expressed protein–protein interaction networks prompted by cyclin 
K degradation. In line with the proposed mechanism, ‘regulation of 
cell cycle’ and ‘RNA polymerase II CTD heptapeptide repeat kinase 
activity’ were the main gene ontology biological processes/molecu-
lar functions affected (Extended Data Fig. 4d,e and Supplementary 
Table 3). Collectively, intersection of quantitative proteomics and 
transcriptomics functionally validated cyclin K as a proteolytically 
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Fig. 2 | dCeMM2/3/4 are new and structurally different cyclin K degraders. a, DMSO-normalized expression proteomics after 5 h dCeMM2/3/4 treatment 
(2.5, 7 and 3.5 µM) in KBM7 cells. Limma statistical analysis was used. b, Cyclin K levels after dCeMM2/3/4 treatment in KBM7 cells. c, dCeMM2 (2.5 µM, 
5 h) destabilizes cyclin K. 30 min pretreatment with 1 µM carfilzomib, 1 µM MLN4924, 10 µM TAK243 or 1 µM THZ531 rescues cyclin K destabilization.  
d, Recombinant kinase assays of dCeMM2/2X and THZ531 inhibition on enzymatic activity of CDK12/13/7. Mean ± s.d., n = 2. e, dCeMM2/3/4 induce global 
transcriptional downregulation with phenotypic similarity to CDK12/13 inhibition by THZ531. Heatmap displays DMSO-normalized log2FC in gene expression 
for 27,051 transcripts, ranked by THZ531 log2FC. f, GSeA of 984 genes (log2FC < −4 and adj. P < 0.05) significantly downregulated after THZ531 treatment in 
comparison to dCeMM2/3/4 (FDR < 0.001). GSeA preranked function was used (1,000 permutations).
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destabilized target of dCeMM2/3/4. The convergence of all three 
scaffolds on the degradation of the same targets was unexpected 
given the structural differences between dCeMM2/3 and dCeMM4.

Cyclin K degradation is mediated via CRL4B ligase complex. 
Next, we wanted to understand the molecular mechanism of 
drug-induced cyclin K destabilization and in particular identify 
the involved ubiquitin ligase complex. To that end, KBM7 cells 
were again subjected to CRISPR–Cas9-induced mutagenesis using 
the aforementioned CRL-focused sgRNA library (Extended Data  
Figs. 5 and 6 and Supplementary Table 2). Mutagenized cell pools 
were selected via continuous exposure to dCeMM2/3/4 to identify 
loss of function (LOF) mutations that allow clonal outgrowth and 
thus to identify genes that are functionally required for the anti-
proliferative effects of the assayed compounds. In line with the 
initial chemical profiling in hyponeddylated cells, we again iden-
tified UBE2M as hit in all tested conditions. Moreover, we identi-
fied mutations in three additional genes that constitute a partial 
CRL complex: the cullin scaffold CUL4B, the adaptor protein 
DDB1 and the E2 ubiquitin-conjugating enzyme UBE2G1. In 
addition to UBE2G1, known to extend ubiquitin chains, we also 
identified UBE2Z, an E2 conjugating enzyme known to prime 
ubiquitin chains, alongside the E1 ubiquitin-activating enzyme 
UBA6 (Extended Data Fig. 5a–c). It is worth noting that, compared 
to previous profiling of the new CRL4DCAF15 modulator dCeMM1 
with the identical library, each of these screens failed to identify a 
consensus CRL SR. To exclude involvement of an orphan SR, we 
turned to genome-scale CRISPR–Cas9 screens using a previously 
reported library29. We again found a pronounced enrichment of the 
top four genes of the CRL-focused sgRNA library (DDB1, CUL4B, 
UBE2M and UBE2G1), which was particularly evident in the most 
stringently, dCeMM3-selected screen (Fig. 3a and Extended Data  
Figs. 5b and 6e). No similarly enriched genes were identified that 
would indicate the involvement of a hitherto orphan SR. Hence, 
these results point to a new type of molecular glue degrader mech-
anism that is SR independent. Validating the pooled screening 
approach, targeted CRISPR-induced inactivation of CUL4B and 
UBE2G1 strongly abrogated drug-induced cyclin K degradation 
(Fig. 3b,c and Extended Data Fig. 7a). The essentiality of DDB1 
prevented the isolation of individual LOF clones, but pooled DDB1 
inactivation in KBM7 cells with doxycycline inducible Cas9 expres-
sion similarly abrogated the degradation of cyclin K (Fig. 3d). 
Inactivation of DDB1, UBE2G1 and UBE2M also strongly rescued 
cytotoxicity induced by dCeMM2/3/4, but not THZ531. This fur-
ther corroborates a functional link between cyclin K degradation 
and the antiproliferative consequences of the tested compounds 
and provides another layer of evidence that the cellular efficacy of 
dCeMM2/3/4 is independent of their weak inhibitory activity in 
CDK12 kinase assays (Figs. 1e and 3e,f and Extended Data Fig. 7b–e).  
Finally, despite sharing >80% sequence identity, dCeMM2/3/4 
appear to be selectively dependent on CUL4B over CUL4A, sug-
gesting a unique situation of nonredundancy of these cullin scaf-
folds (Extended Data Fig. 7f–h). Of note, dCeMM1/2/3/4 showed 
no direct effect on CUL4B abundance, or on levels of the consensus 
CUL4B substrate H2A-K119ub1 (Extended Data Fig. 7i,j).

To gain further confidence in the identified genes, we exposed 
various cell types to excess concentrations of the identified hit com-
pounds to isolate drug-resistant clones. To increase the mutational 
depth, KBM7 and MV4-11 cells were additionally engineered to 
carry full LOF mutations in the DNA mismatch repair protein MLH1 
(Extended Data Fig. 8a,b). Drug-resistant subclones were isolated 
in batches and subjected to targeted next-generation sequencing of 
DDB1, CUL4A, CUL4B, UBE2M, UBE2G1, CDK12/13 and cyclin 
K via a hybrid-capture-based approach coupled to next-generation 
sequencing (Fig. 3g). Supporting the CRISPR screening data, we 
identified a profound enrichment of missense mutations or focal 

deletions particularly in the BPA and BPC domains of DDB1  
(Fig. 3h and Supplementary Table 5). Most identified mutations 
cluster inside a pocket formed between BPA and BPC that has pre-
viously been shown to engulf N-terminal helices of viral proteins 
such as the SV5V protein (Fig. 3i), thus highlighting it as a puta-
tive actionable site for induced protein–protein interactions21,22. 
Isolation of an HCT116 clone harboring the DDB1 L932P muta-
tion allowed us to test effects on dCeMM2/3/4-induced cyclin K 
degradation. Indeed, cyclin K degradation was strongly reduced 
in the mutant background that was also characterized by a subtle 
DDB1 destabilization (Extended Data Fig. 8c). Additional muta-
tions in dCeMM2/3/4-selected populations were also identified in 
the DDB1-binding domain of CUL4B (Fig. 3h and Supplementary 
Table 5). Finally, we identified point mutations in CDK12 and 
CDK13, albeit outside the kinase domain. Again, we managed to 
isolate a clone mutant for CDK13 (P1043H) with impaired cyclin 
K degradation following dCeMM2/3/4 treatment (Extended Data 
Fig. 8d–f and Supplementary Table 5). Collectively, orthogonal 
functional genomics profiling and targeted validation uncovered a 
critical involvement of a partial CRL4B complex in drug-induced 
cyclin K degradation. Again, the highly congruent chemogenomic 
profile of the three tested molecules confirms a unifying mechanism 
of action, despite their different chemical structures. A hotspot of 
spontaneously arising resistance mutations in a DDB1 pocket pre-
viously described as a critical interaction site with viral proteins 
establishes a rationale for an analogous dCeMM2/3/4-mediated 
association between CDK12/13–cyclin K and DDB1 that is inde-
pendent of a dedicated SR.

Drug-induced dimerization between DDB1 and CDK12–cyclin K.  
To validate if the drug-induced degradation of cyclin K via the 
CRL4B–DDB1 complex is mediated via direct drug engagement, 
we initially set out to perform drug-affinity chromatography using 
tethered analogs of dCeMM3. To that end, we devised two com-
plementary strategies. First, we synthesized dCeMM3-NH2 (9) by 
installing a free amine on dCeMM3. This allowed for immobilizing 
dCeMM3-NH2 on sepharose beads, and purification of interacting 
proteins out of whole cell lysates (Fig. 4a,b). Coupling dCeMM3-NH2 
pulldowns with immunoblotting revealed both cyclin K and DDB1 
as interacting proteins (Fig. 4c). Treating lysates with THZ531 and 
thus covalently blocking the active sites on CDK12/13 prevented 
DDB1 and cyclin K enrichment via the dCeMM3-NH2 resin. This 
is in line with the fact that (1) cellular cotreatment with THZ531 
was able to abrogate drug-induced cyclin K degradation (Fig. 2c), 
as well as (2) with a weak inhibitory activity of dCeMM2/3/4 in 
biochemical CDK12 activity assays (Fig. 2d). Next, we devised an 
alternative method for drug-target enrichment that is based on cel-
lular treatment with dCeMM3-PAP (10), a functionalized analog of 
dCeMM3 containing a photoactive diazirine moiety and an alkyne 
handle (Fig. 4d). Following cellular treatment with dCeMM3-PAP, 
cells were ultravioletly crosslinked, lysed and the alkyne handle in 
dCeMM3-PAP was biotinylated for subsequent immobilization on 
streptavidin beads and identification of drug-interacting proteins 
via immunoblots. Again, DDB1 and cyclin K were enriched in 
the eluates, indicating that target engagement also occurs in intact  
cells and that this interaction is independent of postlysis artifacts 
(Fig. 4e,f). Also in this setup, covalently saturating the CDK12/13 
binding site with THZ531 competed with dCeMM3-PAP enrich-
ment (Fig. 4e,f). While a certain bias of compound derivatization 
cannot be excluded for tethering approaches, both strategies suggest 
simultaneous drug engagement with the destabilized cyclin K and 
the CRL4 adaptor protein DDB1 in a CDK12/13-dependent manner.

Next, we aimed to provide additional evidence of a direct, 
drug-induced association of CDK12–cyclin K and DDB1–CUL4B. 
Of note, under steady-state cellular conditions, cyclin K does 
not appear as a CUL4B substrate (Extended Data Fig. 9b). CRL 
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decomposition after cellular lysis is known to challenge biochemi-
cal analysis but few approaches have been shown to overcome 
these problems30,31. We opted to devise a cellular strategy based on 
enzyme-catalyzed proximity labeling via the efficient biotin ligase 
miniTurbo (mTurbo)32. This assay enables recording dynamic 
changes in molecular proximity of an mTurbo-tagged bait pro-
tein by streptavidin purification of covalently biotinylated, proxi-
mal proteins. We transiently expressed C-terminally tagged DDB1 
mTurbo-fusions in 293T cells. Cells were treated for 1 h with 
dCeMM2 or vehicle (DMSO) control, including a 30-min biotin 
labeling pulse (Fig. 4g,h). In line with a drug-induced molecular 
proximity, CDK12 interactions with DDB1 were only identified in 
the presence of dCeMM2, but not after DMSO treatment. (Fig. 4h).  
Consistently, treatment with dCeMM2 induced polyubiquitina-
tion of cyclin K in a CDK12/13-dependent manner (Fig. 4i and 
Supplementary Fig. 9b). To provide further evidence for a direct, 
drug-induced binding of CDK12–cyclin K to DDB1, we reconsti-
tuted this interaction using recombinant proteins. Drug-induced 
proximity between CDK12–cyclin K and DDB1 was detected using 
time-resolved fluorescence energy transfer (TR–FRET). While 
weak binding between DDB1 and CDK12–cyclin K was observed in 
the presence of vehicle control (DMSO), treatment with dCeMM2 
facilitated an interaction of DDB1 and CDK12–cyclin K with 
a Kapparent of 628 nM (Fig. 4j and Extended Data Fig. 9c). A simi-
lar affinity was measured for the dCeMM4-induced interaction 
between CDK12–cyclin K and DDB1, while inactive analogs of both 
hit compounds failed to strengthen the interaction in a comparable 
manner (Extended Data Fig. 9d).

Collectively, orthogonal experimental strategies allowed us to 
validate drug-dependent induction of proximity between CDK12–
cyclin K and DDB1, which functionally leads to cyclin K ubiqui-
tination and degradation. Phenotypically, cyclin K degradation by 
dCeMM2/3/4 validated a previously established hypersensitivity of 
T-cell malignancies for genetic cyclin K ablation (Extended Data 
Fig. 9e–g)33. Moreover, we observed a correlation between cyclin K 
degradation and sensitivity, as well as a synergistic potential when 
combining cyclin K degradation with DNA damage inducing agents 
(Extended Data Figs. 9e–g and 10).

Discussion
Molecular glue degraders represent an intriguing strategy to deliver 
on the promise of chemically degrading disease-relevant proteins 
that have not been amenable to traditional, inhibitor-centric phar-
macologic approaches. A key limitation to the systematic explo-
ration and evaluation of molecular glue degraders as therapeutic 
strategies has thus far been their serendipitous identification and 
a lack of rational discovery principles. To address this bottleneck, 
we here introduce differential chemical profiling in hyponeddylated 
cell lines that are characterized by a promiscuous defect in CRL 
activity. Lending proof of concept to this approach, we first identi-
fied dCeMM1, a glue degrader of RBM39 that functions by redi-
recting the activity of the CRL4DCAF15 ligase. Our strategy also led 
to the identification of three small molecules (dCeMM2/3/4) that 
appeared to be functionally independent of a dedicated SR, and that 
we mechanistically characterized via a subsequent multi-omics tar-
get deconvolution campaign.

To that end, we performed a comprehensive intersection of quan-
titative proteomics and functional genomic strategies, drug-affinity 
chromatography and cellular proximity assays to reveal an unprec-
edented and therapeutically yet unexplored mechanism for molec-
ular glue-induced target degradation. Binding of dCeMM2/3/4 to 
CDK12–cyclin K prompts a dimerization with a DDB1–CUL4B E3 
complex. Biochemical reconstitution experiments suggest a base-
line affinity between DDB1 and CDK12–cyclin K that is strongly 
increased on dCeMM2/3/4 addition. While future studies will 
address the underlying details from a structural perspective, this 

observation mechanistically differentiates the described cyclin K 
glue degraders from the well-studied thalidomide analogs where no 
baseline affinity between ligase and neosubstrate is measurable in the 
absence of the respective small molecule34. dCeMM2/3/4-induced 
dimerization between CDK12–cyclin K and DDB1–CUL4B leads 
to the positioning of cyclin K in the ubiquitination zone of the asso-
ciated E2 ubiquitin-conjugating enzymes. UBE2Z and UBE2G1 
function as the ubiquitin priming and extending E2s, respec-
tively, with UBA6 being the main E1 ubiquitin-activating enzyme. 
Consequently, cyclin K gets ubiquitinated and degraded by the pro-
teasome via a mechanism that is independent of a dedicated CRL 
SR. Further research will explore the translational potential of tar-
geted cyclin K degradation as single-agent therapy and in combina-
tion with DNA damage inducing agents.

In summary, the presented data provides a rational and scal-
able framework for the discovery of cellularly active molecular glue 
degraders with established and nonobvious mechanisms of action. 
Collectively, we expect this approach and derivatives that employ a 
different phenotypic readout to substantially increase the arsenal of 
molecular glue degraders. In contrast to the more commonly used 
heterobifunctional PROTACs, such molecules have the potential to 
induce the elimination of unligandable, disease-relevant proteins 
that are otherwise considered ‘undruggable’.
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Methods
Cell lines and generation of mutants. KBM7 cells with the specified genetic 
backgrounds were grown in IMDM supplemented with 10% FBS and 1% 
penicillin/streptomycin (pen/strep). HCT116 and 293T cells were grown 
in DMEM 10% FBS and 1% pen/strep. MV4;11, MOLT4, Loucy, JURKAT, 
CCRFCEM, KOPTK1, DND41, CUTTL1, HSB2, HBPALL, MOLT16, SKW3 and 
SUPT11 were grown in RPMI 10% FBS and 1% pen/strep. KBM7 and HCT116 
cells expressing Cas9 were generated using Lenti_Cas9_Blasti (Addgene 52962). 
LentiGuide-Puro (Addgene 52963) was used to express sgRNAs against UBE2M, 
DCAF15 and UBE2G1. LentiGuide-Puro-IRES-mCherry (modified from Addgene 
52963) was used to express sgRNAs against CUL4A and DDB1, lentiCRISPRv2 
(Addgene 52961) against CUL4B and lentiCRISPR2v2GFP (Addgene no. 82416) 
against MLH1. Lenti-PGK-Hygro-DEST-UBE2M was generated by Gateway 
cloning (UBE2M cDNA from pDEST17-UbE2M Addgene 15798 was cloned 
into pDONR221 by BP reaction, and then transferred to the destination vector 
Addgene 19066 by LR reaction), and used in UBE2Mmut cells to generate UBE2Mresc 
KBM7 cells. sgRNA sequences, plasmids and primers used to confirm single 
mutants are listed in Supplementary Table 6.

Reagents. Key reagents used were dCeMM1 (Enamine Z2065717981, purity 97%), 
dCeMM2 (ChemDiv 8006-2691, purity 90%), dCeMM3 (ChemSpace PB54687009, 
purity 99%), dCeMM4 (Enamine Z1126858802, purity 91%) and THZ531 
(MedChemExpress HY-103618, purity 99.49%).

Other reagents were Carfilzomib (Selleckchem, S2853), MLN4924 
(Selleckchem, S7109), TAK243 (MedChemExpress, HY-100487), indisulam 
(Sigma-Aldrich, SML1225) and doxycycline (VWR, A2951.0025).

Phenotypic screen based on differential viability. WT and UBE2Mmut KBM7 cells 
were treated with 2,000 cytostatic/cytotoxic small molecules, mostly of unknown 
function or target, from the PLACEBO in-house collection. Briefly, the screening 
was divided in three parts: (1) primary screening, (2) follow up and (3) validation. 
During the primary screening, cells were treated with 10 μM and 500 nM of 
every compound. DMSO was used as a negative control, YM155 1 μM was used 
as a cytotoxic positive control, and the degrader ARV-771 (MedChemExpress, 
HY-100972) was used as a differential viability positive control at 50 and 250 nM 
(WT cells are sensitive and UBE2Mmut cells are resistant). After 3 d of treatment, 
cell viability was measured (CellTiter Glo, Promega). The screen was performed in 
384-well plates (Corning 3712) with the compound dispensing system Echo 550 
and for cell seeding the Liquid Handler Multidrop Combi. Control compounds 
were included in several wells, in all the plates. We considered as hits those small 
molecules that inhibited the proliferation of WT cells, while sparing UBE2Mmut 
isogenic counterparts. More than 20 compounds fulfilled this criterion and were 
followed up by testing the dose-ranging differential effect. dCeMM1, dCeMM2, 
dCeMM3 and dCeMM4 were selected for further validation due to fold change 
(FC) significance.

Cell viability assays. KBM7WT, mutant KBM7 clones (UBE2Mmut, UBE2Mresc, 
UBE2G1mut CUL4Amut, CUL4Bmut) and 3-d doxycycline pretreated KBM7iCas9_
sgDDB1 cells were seeded at a cell density of 50,000 cells per ml in 96-well plates 
with DMSO or drug, in triplicates. Same conditions were used for viability assays 
with HCT116 and leukemia cell lines. Drugs used: dCeMM1, dCeMM2 2×, 
dCeMM3 3×, dCeMM4 4× or THZ531. Cells were treated for 3 d, after which cell 
viability was assessed according to the manufacturer’s protocol (CellTiter Glo, 
Promega G7570). Survival curves and half-maximum effective concentration 
(EC50) values were calculated by best-fit analysis of the log10 drug concentration 
to FC of drug-treated cells over DMSO-treated cells. All survival assays included 
technical triplicates per sample, per experiment.

Western blot analysis. PBS-washed cell pellets were lysed in 50 mM Tris pH 7.9, 
8 M Urea and 1% CHAPS and incubated with shaking at 4 °C for at least 30 min. 
Then 20 μg of supernatants were run and transferred for detection. Antibodies 
used were CUL1 (1:1,000, Santa Cruz Biotechnology, sc-1276), CUL2 (1:500, 
Sigma-Aldrich, SAB2501565-100), CUL3 (1:1,000, Cell Signaling Technology, 
2759), CUL4A (1:1,000, Cell Signaling Technology, 2699S), CUL4B (1:1,000, 
Proteintech, 12916-1-AP), CUL5 (1:1,000, Santa Cruz Biotechnology, sc-373822), 
UBE2M (1:1,000, Santa Cruz Biotechnology, sc-390064), DDB1 (1:1,000, Cell 
Signaling Technology, 5428S), CCNK (1:5,000, Bethyl, A301-939A), CDK12 
(1:1,000, Cell Signaling Technology, 11973S), CDK13 (1:1,000, Bethyl, A301-458A), 
RBM39 (1:500, Santa Cruz Biotechnology sc-376531), V5 (1:1,000 Cell Signaling 
Technology, 13202), Ubiquityl-Histone H2A (K119) (1:1,000, Cell Signaling, 
8240-20), MLH1 (1:1,000, Cell Signaling Technology, 3515T). ACTIN (1:10,000, 
Sigma-Aldrich, A5441) and VINCULIN (1:1,000, Santa Cruz Biotechnology, 
sc-25336). Secondary antibodies used were antimouse/-rabbit/-goat (1:10,000, 
Jackson ImmunoResearch 115-035-003, 111-035-003 and 705-035-003) and 
antirabbit Alexa Fluor 488 (1:1,000, Invitrogen, A21441).

Apoptosis induction: annexinV/propidium iodide. KBM7 cells were treated with 
DMSO, dCeMM2 (2.5 µM), dCeMM3 (7 µM) or dCeMM4 (3.5 µM) for 4, 8 and 
12 h. To assess apoptosis induction AnnexinV/PI staining was used (BD Bioscience 

556547). Then, 5 × 105 cells were collected, pelleted by centrifugation, washed 
with PBS and resuspended in 1× binding buffer at a concentration of 106 cells per 
ml, preparing a sufficient volume to have 100 µl per sample. Next, 5 μl of staining 
solution was added per sample and incubated for 20 min at room temperature 
in the dark. Then, 400 μl of 1× binding buffer was added and cells were analyzed 
(within 1 h) by flow cytometry. Samples were analyzed on an LSR Fortessa  
(BD Biosciences) and data analysis was performed using FlowJo v_10.6.1.

Cell-cycle analysis by propidium iodide staining. Two million KBM7 cells were 
treated with DMSO, dCeMM2 (2.5 µM), dCeMM3 (7 µM) or dCeMM4 (3.5 µM) 
for the indicated times and fixed in cold 70% ethanol for 30 min at 4 °C. After 
addition of RNAse (100 µg ml−1) and propidium iodide (50 µg ml−1), cells were 
incubated for 1 h at 37 °C before checking cell-cycle profiles by flow cytometry. 
Samples were analyzed on an LSR Fortessa (BD Biosciences) and data analysis was 
performed using FlowJo v_10.6.1.

Expression proteomics. We compared overall proteome-wide changes in 
KBM7WT cells treated with dCeMM1 (25 µM), dCeMM2 (2.5 µM), dCeMM3 
(7 µM) or dCeMM4 (3.5 µM) for 5 and 12 h, using quantitative proteomics based 
on isobaric tagging.

Sample preparation. Fifty million KBM7WT cells in duplicates per condition 
were collected, washed four times with ice-cold PBS, the supernatant aspirated 
and pellets snap frozen in liquid nitrogen. Each washed cell pellet was lysed 
separately in 40 μl lysis buffer as previously described24. Offline Fractionation 
via reversed phase–high-performance liquid chromatography at high pH and 
two-dimensional–tandem reverse-phase liquid chromatography mass spectrometry 
were performed as previously described24.

Data analysis. Acquired raw data files were processed using the Proteome 
Discoverer v.2.2.0.388 platform, using the Sequest HT database search engine and 
Percolator validation software node (v.3.04) to remove false positives with a false 
discovery rate (FDR) of 1% on peptide and protein level under strict conditions. 
Searches were performed with full tryptic digestion against the human SwissProt 
database v.2017.06 06 (20,456 sequences and appended known contaminants) 
with a maximum of two allowed miscleavage sites. Oxidation (+15.994 Da) of 
methionine and deamidation (+0.984 Da) of glutamine and asparagine were 
set as variable modification, while carbamidomethylation (+57.021 Da) of 
cysteine residues and tandem mass tag (TMT) 10-plex labeling of peptide N 
termini and lysine residues were set as fixed modifications. Data was searched 
with mass tolerances of ±10 ppm and ±0.025 Da on the precursor and fragment 
ions, respectively. Results were filtered to include peptide spectrum matches 
with Sequest HT cross-correlation factor (Xcorr) scores of ≥1 and high peptide 
confidence assigned by Percolator. MS2 signal-to-noise values (S/N) values of 
TMT-reporter ions were used to calculate peptide/protein abundance values. 
Peptide spectrum matches with precursor isolation interference values of ≥50% 
and average TMT-reporter ion S/N ≤ 10 were excluded from quantitation. Only 
unique peptides were used for TMT quantitation. Isotopic impurity correction was 
applied and results exported for analysis for differential expression using limma 
R package35. Before performing limma analysis all proteins lacking reporter ion 
intensity values were removed and all protein TMT-reporter channels normalized 
to equal median abundance. TMT ratios with P/Q values (after FDR correction) 
lower than 0.01 were considered to be significant. For the calling of destabilized 
proteins, a log2FC threshold (drug/DMSO) of −0.3 was applied.

CRISPR–Cas9 resistance screens (CRL-focused sgRNA library and genome-scale 
Brunello sgRNA library). Design of the CRL-focused sgRNA library. CRL-focused 
library sgRNAs are listed in Supplementary Table 2.

Lentivirus production. Here, 293T cells seeded on 15 cm culture plates 16 h before 
were transfected with 5 µg Brunello pooled library (Addgene 73178, two-vector 
system), 2.5 µg pMD2.G (Addgene 12259) and 3.75 µg psPAX2 (Brunello sgRNA 
library, Addgene 12260) or CRL sgRNA library, using PEI (Polysciences, 24765-1).  
Viral supernatant was harvested 72 h after transfection and concentrated using 
Lenti-X-concentrator (Takara). Concentrated viral supernatant was stored 
in aliquots at −80 °C and titrated following a standard protocol29 to achieve a 
multiplicity of infection (MOI) of 0.2–0.3.

CRL sgRNA library screens. Twelve million KBM7Cas9 or KBM7iCas9 cells were 
transduced at MOI 0.3, yielding a calculated library representation of 635 cells 
per sgRNA (library representation, 2.5 million cells). For transduction, 100 µl of 
concentrated viral supernatant was added to three million cells in 3 ml IMDM and 
8 µg ml−1 polybrene in a 12-well plate. Plate was centrifuged at 2,000 r.p.m. for 1 h at 
30 °C in a benchtop centrifuge and then incubated at 37 °C overnight. Transduction 
efficiency was titrated following a standard protocol29. Pools were selected with 
1 µg ml−1 puromycin for 5 d (KBM7Cas9) or 500 µg ml−1 neomycin for 8 d (iCas9 
cells, followed by 5 d of cas9 expression by doxycycline 0.5 µg ml−1). Independent 
resistance screens were performed with both mutant libraries in duplicates, using 
drugs at starting concentrations of 4× EC50: dCeMM1 9 µM, dCeMM2 0.9 µM, 
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dCeMM3 2.8 µM and dCeMM4 1.25 µM and a respective DMSO control. Every 4 d, 
cells were counted and reseeded to 2.5 million cells in 5 ml, applying fresh drug. 
Drug concentrations were dynamically adjusted to the growth curves to yield a 
consistent impact on cell proliferation. Drug-resistant pools were harvested after 
14 d of treatment, snap frozen in liquid nitrogen and stored at −80 °C.

Brunello pooled library screens. Here, 250 million KBM7Cas9 cells or were transduced 
at an MOI 0.23, yielding a calculated library representation of 668 cells per sgRNA 
(library representation, 50 million cells). For transduction, 20 µl of concentrated 
viral supernatant was added to 5 million cells in 1.5 ml IMDM and 8 µg ml−1 
polybrene in six-well plates. Plates were centrifuged at 2,000 r.p.m. for 1 h at 30 °C 
in a benchtop centrifuge, 0.5 ml IMDM were added and then incubated at 37 °C 
overnight. The next day, transduced cells were pooled and diluted. Pools were 
selected with 1 µg ml−1 puromycin for 5 d. Independent resistance screens were 
performed with the library using drugs at starting concentrations of 4× EC50:  
dCeMM2 0.9 µM, dCeMM3 2.8 µM and dCeMM4 1.25 µM. Selective drug 
treatment was performed on 50 million cells per drug at a seeding density of 
500,000 cells per ml. Every 5 d, cells were pooled, counted and reseeded to 50 
million cells in 100 ml, applying fresh drug. Drug concentrations were dynamically 
adjusted to the growth curves to yield a consistent impact on cell proliferation. 
Drug-resistant pools were harvested after 15 d of treatment, snap frozen in liquid 
nitrogen and stored at −80 °C.

Library preparation for next-generation sequencing. Genomic DNA (gDNA) was 
extracted from cell-frozen pellets with the QIAamp DNA Mini Kit (Qiagen, 
51304). PCR on the gDNA templates was done to amplify sgRNA sequences. 
Primer sequences used available in Supplementary Table 7.

For the screens performed with the CRL library: the isolated gDNA was 
processed in parallel to yield 5 µg gDNA per 50 µl reaction for the first PCR. 
One PCR reaction contained 0.75 µl of ExTaq polymerase (Clontech), 2.5 µl 
10× buffer, 4 µl of dNTP mix, 2.5 µl of 10 µM P7 forward primer mix, 2.5 µl of 
10 µM condition-specific P5 barcoded primer and water to reach 50 µl. Target 
amplification was achieved by using: 1 min at 95 °C initial denaturation; 30 s at 
95 °C, 30 s at 53 °C, 30 s at 72 °C, for 22–24 cycles; 10 min at 72 °C final elongation. 
Specific amplification of the 300 base-pair target was confirmed by agarose gel 
electrophoresis. PCRs were purified using AMPure XP beads in a 1:1 ratio, 
following standard protocols. Amounts of 10 ng per condition were used for the 
second PCR, using the same PCR conditions as for the first PCR but using the 
primers Rev2_p5 and Fwd2_p7 primers and four cycles.

For the Brunello screens, a published protocol was followed29. The isolated 
gDNA was processed in parallel to yield 10 µg gDNA per 100 µl reaction. One 
PCR reaction contained 1.5 µl of ExTaq polymerase (Clontech), 10 µl 10× 
buffer, 8 µl of dNTP mix, 0.5 µl of 100 µM P5 forward primer mix, 10 µl of 5 µM 
condition-specific P7 barcoded primer and water to reach 100 µl. DNA oligo 
primers were ordered PAGE purified from Sigma-Aldrich. Target amplification 
was achieved by using: 1 min at 95 °C initial denaturation; 30 s at 95 °C, 30 s at 
53 °C, 30 s at 72 °C for 26–27 cycles; 10 min at 72 °C final elongation. Specific 
amplification of the 360-bp target was confirmed by agarose gel electrophoresis. 
All PCR reactions of a respective condition were pooled and 100 µl were purified 
using AMPure XP beads in a 1:1 ratio, following standard protocols. Purified 
amplicon was eluted using 50 µl TE buffer. Final sequencing libraries were pooled 
in equimolar amounts and sequenced on a HiSeq 3000/4000.

Next-generation sequencing data analysis. Raw read files were converted to 
fastq format using the convert function from bamtools (v.2.5.0)36. Sequencing 
adapters were trimmed using cutadapt (v.2.7.12) with -g CGAAACACCG and 
--minimum-length = 10 (genome-wide screens only). The 20 bp of spacer sequence 
was then extracted using fastx toolkit (v.0.0.14) (http://hannonlab.cshl.edu/
fastx_toolkit/) and aligned to the respective sgRNA index using bowtie2 (v.2.2.4)37 
allowing for one mismatch in the seed sequence. Spacers were counted using 
the bash command ‘cut -f 3 (0) | sort | uniq -c’ on the sorted SAM files. A count 
table with all conditions was then assembled, and the counts +1 were converted 
to counts per-million to normalize for sequencing depth. log2-normalized FCs 
compared to DMSO were calculated for each spacer. Statistical analysis was 
performed using the STARS algorithm v.1.3 (ref. 29). For this, spacers were 
rank-ordered based on log2FC and tested with the parameters -thr 10 -dir P against 
a null hypothesis of 10,000 random permutations. Genes with a q value of <0.05 
were called hits.

RNA extraction, synthetic RNA spike-in and RNA sequencing. Ten million 
KBM7 cells were treated in triplicate for 5 h with DMSO, dCeMM1 (25 µM), 
dCeMM2 (2.5 µM), dCeMM3 (7 µM), dCeMM4 (3.5 µM) or THZ531 (600 nM). 
Total RNA was extracted with the RNeasy mini kit (Qiagen 74106), and to account 
for global differences in transcriptional output, we employed an exogenous 
spike-in approach, according to the manufacturer’s protocol (SIRV-Set3 Iso Mix 
E0/ERCC from Lexogen, 051). RNA amount was determined using Qubit RNA HS 
Kit (Thermo, Q32852). Then, 1.5 µg RNA per condition was subjected to Poly(A) 
enrichment (Lexogen no. 039). RNA-seq library prep was performed according 
to the manufacturer’s protocol (Corall Total RNA-Seq Library Prep Kit, Lexogen 

095). Next, 2 ng RNA were used as starting material. Before the endpoint PCR, 
a quantitative PCR was done (PCR Add-on Kit for Illumina, Lexogen 020) to 
determine the optimal number of PCR cycles (16 cycles). Final sequencing libraries 
were analyzed on an Agilent 2100 Bioanalyzer, pooled in equimolar amounts and 
sequenced on a HiSeq 3000/4000.

RNA sequencing data analysis. Next-generation sequencing libraries were 
sequenced by the Biomedical Sequencing Facility at CeMM using the Illumina 
HiSeq 3000 platform and 50 bp single-end configuration. Raw reads were 
trimmed using Trimmomatic (v.0.32)38. The following parameters were used: 
HEADCROP:13 ILLUMINACLIP:epignome_adapters_2_add.fa:2:10:4:1:true 
SLIDINGWINDOW:4:1 MAXINFO:16:0.40 MINLEN:18. Trimmed reads 
were mapped to the hg38/GRCh38 assembly of the human reference genome 
and to SIRV-Set 3 sequences using STAR aligner v.2.5.2b (ref. 39) using the 
following parameters: --outFilterType BySJout --outFilterMultimapNmax 20 
--alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --outFilterMismatchNmax 
999 --outFilterMismatchNoverLmax 0.6 --alignIntronMin 20 --alignIntronMax 
1000000 --alignMatesGapMax 1000000 --outSAMattributes NH HI NM MD 
--outSAMtype BAM SortedByCoordinate.

Genes were defined based on genome-build GRCh38.p7, genome-build-accession 
NCBI:GCA_000001405.22. Sequences and annotations in FASTA and GTF format 
for SIRV-Set 3 (SIRV Isoform Mix E0 and ERCCs, catalog no. 051) included 
in SIRV_Set3_Sequences_170612a (ZIP) were downloaded from https://www.
lexogen.com/sirvs/download/.

Read counts per gene were obtained from the aligned reads using the htseq-count 
command (v.0.11.2) from the HTSeq framework40. The Bioconductor/R  
packages edgeR, affy and limma were used for normalization and differential gene 
expression analysis.

GSEA of genes significantly downregulated on THZ531 treatment (log2FC < −4 
and adj. P < 0.05) in comparison to dCeMM2/3/4 treatments was performed 
using GSEA v.3.0. To build the gene rankings, genes were ranked based on their 
expression change (dCeMM2/3/4 treatment versus DMSO), using the log2FC 
value from differential gene expression analysis. The following parameters were 
used: xtools.gsea.GseaPreranked -nperm 1000 -scoring_scheme weighted -norm 
meandiv.

The data analysis code is available at https://github.com/himrichova/
MGs_RNAseq_analysis.

The RNA-seq data generated for this study have been deposited in the National 
Center for Biotechnology Information’s (NCBI) Gene Expression Omnibus (GEO) 
and are accessible through the GEO Series accession number GSE142405.

Recombinant proteins and in vitro kinase assays. Human glutathione 
S-transferase (GST)-CDK12 (714-1063)/GST-Cyclin K (1–267), GST-CDK13 
(694-1093)/GST-Cyclin K (1–267) and GST-Cdk7 (2-346)/ CyclinH (1-323)/
Mat1 (1-309) proteins were recombinantly expressed in Sf9 insect cells using the 
MultiBacTurbo system41. For full activation GST-CDK12 (714-1063)/GST-Cyclin 
K (1–267) and GST-CDK13 (694-1093)/GST-Cyclin K (1–267) were coexpressed 
with CDK-activating kinase from S. cerevisiae. After 72 h, cells were collected by 
centrifugation and resuspended in lysis buffer (50 mM HEPES pH 7.6, 300 mM 
NaCl, 5% glycerol and 5 mM bMe), followed by sonication. The lysate was cleared 
by centrifugation in a Beckman Avanti J-26S XP centrifuge with a JA-25.50 rotor 
(20,000 r.p.m. for 45 min at 4 °C) and applied to a GST Trap FF column (GE 
Healthcare) equilibrated with lysis buffer using an Äkta Prime chromatography 
system (GE Healthcare). After application of 10 column volumes (CV) of lysis 
buffer, protein was eluted in lysis buffer with 10 mM glutathione. After tobacco 
etch virus protease cleavage overnight, kinase complexes were further purified 
by size exclusion chromatography (SEC) using a Superdex 200 PG column (GE 
Healthcare) equilibrated in SEC buffer (20 mM HEPES pH 7.4, 150 mM NaCl,  
5% glycerol and 1 mM TCEP). Fractions containing a stoichiometric kinase 
complex were determined by SDS–PAGE, pooled and concentrated using Amicon 
filters (Millipore). Proteins were aliquoted, snap frozen in liquid nitrogen and 
stored at −80 °C.

Radioactive kinase assays were performed using 0.2 μM CDK–Cyclin K 
complex incubated with 0.2 mM ATP containing 0.45 mCi [32P]-g-ATP per ml  
(Perkin Elmer) and varying concentrations of inhibitory compound for 
10 min before starting the kinase reaction by adding the substrate. Reactions 
were incubated for 20 min at 30 °C and stopped by addition of EDTA to a 
final concentration of 50 mM. Samples were spotted onto Amersham Protran 
nitrocellulose membrane (GE Healthcare), followed by three washing steps for 
5 min with 0.75% (v/v) phosphoric acid. Counts per minute were estimated in a 
Beckman Liquid Scintillation Counter (Beckman-Coulter) for 1 min.

Acquired resistance and hybrid capture. MLH1 mutant lines. LentiCRISPR2v2GFP 
(Addgene no. 82416) was used to express sgRNAs against MLH1 in KBM7 and 
MV4;11 cells. Transduced pools of cells were sorted for green fluorescent protein 
expression twice. Individual clones were expanded in 96-well format and treated 
with 500 µM temozolomide (Sigma-Aldrich, T2577) in mirror plates to nominate 
MLH1 mutants. Knock-out was validated in resistant clones by western blot 
(anti-MLH1, Cell Signaling Technology 3515T). Target sequences were amplified, 
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A-tailing and TOPO-cloning was performed according to the manufacturer’s 
instructions (Thermo Scientific, K457502) and individual alleles were sequenced. 
Primers listed in Supplementary Table 6.

Generation of cells with acquired drug resistance and hybrid-capture protocol. 
One hundred million KBM7 and MV4;11 cells (WT and MLH1mut) were treated 
with DMSO, 6 µM dCeMM2, 11 µM dCeMM3 or 12 µM dCeMM4 in 50 ml 
medium. After 25 d, Ficoll-gradient centrifugation with Lymphocyte Separation 
Media (Corning, COR25-072-CV) was performed. The following day cells were 
counted, PBS-washed and pellets frozen. HCT116 cells (MLH1−/+) were seeded 
in 384-well plates at 30,000 cells per ml in the presence of 50 µM dCeMM3 or 
30 µM dCeMM3.1. Nine individual resistant clones were isolated and acquired 
resistance was validated against dCeMM2, dCeMM3 and dCeMM4. They were 
sensitive to Paclitaxel. DMSO-treated HCT116 cells (control) and a pool of 
500,000 cells from each of the nine HCT116 clones were PBS-washed and pellets 
frozen. gDNA was extracted using QIAamp DNA Mini Kit (Qiagen 51304). DNA 
content was determined with Qubit HS Kit (Thermo Fisher Q32854). The pools 
of resistant cells were subjected to targeted next-generation sequencing of DDB1, 
CUL4B, UBE2M, UBE2G1, CDK12/13 and CCNK via a hybrid-capture-based 
approach. For the library preparation, NEBnext Ultra II FS DNA Library Prep Kit 
for Illumina (NEB, E7805S) was used (protocol for inputs >100 ng). Then, 500 ng 
of DNA per condition were used as starting material. Fragmentation and bead 
size selection was performed for insert size of 150–350 bp. PCR enrichment of 
adaptor-ligated DNA was done with NEBnext Multiplex Oligos for Illumina (Set1 
E7335 and Set2 E75000). Five PCR cycles were performed. For the hybrid capture, 
500 ng of DNA were used. Hybridization and prep was performed according to 
the protocol xGen hybridization capture of DNA libraries from IDT. As xGen 
blocking oligos the xGen Universal Blocker-TS Mix (IDT 1075475) was used. 
Custom probes against UBE2M, UBE2G1, CUL4A, CUL4B, CDK12, CDK13 and 
CCNK were used as xGen Lockdown Panel. Hybridization was performed for 16 h. 
NEBNext High-Fidelity 2× PCR Master Mix (NEB, M0541S) was used for the 
postcapture PCR, using 16–25 PCR cycles. Final sequencing libraries were analyzed 
on Agilent 2100 Bioanalyzer, pooled according to resistance rate and sequenced on 
a MiSeq (paired-end sequencing).

Bioinformatics analysis of hybrid capture. Raw read files were converted to fastq 
format using the SamToFastq function from the picard tools package (v.2.9.0) 
(http://broadinstitute.github.io/picard/) with standard settings. Sequencing 
adapters and low-quality reads were removed using trimmomatic (v.0.36)38 in 
PE mode with standard settings. Data preprocessing was performed following 
the latest version of Best Practices of the Genome Analysis Toolkit (GATK) 
consortium42. Reads were first aligned to hg38 assembly using bwa mem (v.0.7.8) 
(http://bio-bwa.sourceforge.net/bwa.shtml). Duplicate reads were then filtered 
using the picard tools MarkDuplicates function. The BaseRecalibrator function 
from the GenomeAnalysisTK package (v.3.7)43 was applied supplying the 
hg38_dbsnp138 known sites of variation from the GATK resource bundle under 
the --known-sites argument. Quality score recalibration was then applied using 
the PrintReads function with the optional -BQSR argument. Variant calling was 
performed using the Mutect2 function (--output_mode EMIT_VARIANTS_ONLY). 
Variants were annotated using the Ensembl Variant Effect Predictor webtool44 
in its latest release (Ensembl v.98). Variants that affected the coding sequence 
(inframe_deletion, inframe_insertion, frameshift_variant, missense_variant, 
protein_altering_variant, stop_gained) and that had a greater than fivefold 
enrichment in allele frequency (as determined by Mutect2) in the drug-resistant 
population compared to unselected cells were considered hits.

Flow cytometry analysis of CDK13 levels. WT and CDK13+/P1043H HCT116 
cells were fixed with cold 70% ethanol for 30 min on ice. After 15 min 5% Triton 
X-100 permeabilization on ice, cells were incubated with CDK13 antibody (1:200, 
bethyl, A301-458A) in 0.5% BSA PBS for 1 h at room temperature. After washing 
twice with 0.5% BSA PBS, cells were incubated with antirabbit Alexa Fluor 488 
secondary antibody (Invitrogen, A21441) for 30 min and washed twice with PBS 
before analysis by flow cytometry.

Synthesis of dCeMM3-NH2 and pulldown. Detailed synthesis in Supplementary 
Information.

Coupling of dCeMM3-NH2 to NHS-sepharose beads. Here, 100 µl NHS-Activated 
Sepharose 4 Fast Flow (GE Life Sciences, 17090601) per condition were washed with 
500 µl DMSO three times (3 min 800 r.p.m. centrifugation at room temperature). 
Beads were resuspended in 50 µl DMSO and 2.5 µl dCeMM3NH2 10 mM and 0.75 µl 
TEA (Sigma-Aldrich, T0886) were added. After 16–24 h of incubation on roto-shaker 
at room temperature, the remaining free amino groups on beads were blocked by 
adding 2.5 µl ethanolamine (Sigma-Aldrich, 11016-7) and incubating on a roto-shaker 
for at least 8 h at room temperature. Beads were centrifuged and 500 µl DMSO washed 
twice before proceeding with drug pulldown.

Preparation of cell lysates. Here, 200 million KBM7 cells were resuspended in 2 ml lysis 
buffer (50 nM Tris pH 7.5, 0.2% NP-40, 5% glycerol, 1.5 mM MgCl2, 100 mM NaCl, 

1 mM EDTA) supplemented with protease inhibitors (Thermo Scientific, 78437)  
and benzonase (Merck, US170746-370746) and incubated on ice for 30 min. After 
centrifugation (full speed, 4 °C, 30 min) supernatant was transferred to a new tube  
and extracted protein measured with BCA (Fisher Scientific, 23225). Then 3 mg 
of protein lysate were pretreated with DMSO or THZ531 100 µM for 1 h on a 
roto-shaker at 4 °C.

Protein affinity purification and elution. Drug-coupled beads were washed with 1× 
lysis buffer by centrifugation three times. Washed drug-coupled beads were gently 
resuspended in the pretreated cell lysates for 2 h on a roto-shaker at 4 °C. After 
incubation, beads were centrifuged, supernatant removed and washed with lysis 
buffer at 4 °C. Beads were transferred to unplugged mini Bio-Spin Chromatography 
Columns (BioRad, 732-6207) in washing buffer (50 mM pH 8 HEPES, 150 mM 
NaCl and 5 mM EDTA) and washed three times with 1 ml buffer II (all steps 
performed at 4 °C). Columns were transferred to room temperature, plugged and 
beads incubated with 4% SDS buffer II for 15 min. Unplugged columns were placed 
in 1.5 ml Eppedendorf tubes and centrifuged for 1 min at room temperature to let 
eluates enter into the tubes. Eluates were analyzed by western blot. Quantification 
was performed with ImageJ.

Synthesis of dCeMM3-photoaffinity probe (dCeMM3-PAP) and pulldown. 
dCeMM3-NH2 was conjugated to a constant side chain consisting of a 
photosensitive diazirine group and an alkyne handle. Detailed synthesis in 
Supplementary Information.

Twenty million KBM7WT cells per condition were pretreated with either DMSO 
or 100 µM THZ531 (competition condition) for 1 h in the presence of 10 µM 
carfilzomib (Selleckchem, S2853) in serum-free IMDM medium (3 ml per 20 
million cells per 10 cm dish). Then, cells were treated with 10 µM dCeMM2PAP for 
1 h. Target proteins were covalently linked to the probe via photocrosslinking using 
an ultraviolet crosslinker at 4 °C (365 nm wavelength for 10 min). Cell pellets were 
collected, PBS-washed and snap frozen in liquid nitrogen. For protein extraction, 
thawed pellets were resuspended in 500 μl lysis buffer (NP-40 0.8%, HEPES pH 7.5 
50 mM, Glycerol 5%, NaCl 150 mM, Mg2Cl 1.5 mM, SDS 1%, protease inhibitors 
and benzonase) and incubated on ice for 30 min. Click reaction to conjugate 
azide-PEG3-biotin to the photoprobe was performed using 1,000 µg of protein per 
sample (1 ml total volume): 20 μl of 5 mM Azide-PEG3-biotin (Sigma-Aldrich, 
762024-25MG) was added to each sample followed by a mix of 60 μl 1.7 mM 
TBTA, 20 μl 50 mM CuSO4 and 20 μl 50 mM TCEP (100 μl per sample), and left 
at room temperature for 2 h. SpinOUT G-600 columns (G-Biosciences, 786-
1621) were used to purify protein samples after the click reaction, according to 
the manufacturer’s protocol. Amounts of 700 μg per sample were used for the 
pulldowns. Enrichment of target proteins was done using Pierce High Capacity 
NeutrAvidi Agarose beads (Thermo Scientific, 29202). After the last wash, step 
beads were resuspended in 100 µl elution Buffer (HEPES pH 8 50 mM, NaCl 
150 mM, EDTA 5 mM, SDS 4%), incubated at 75 °C for 30 min and eluted by 
centrifuging at full speed for 3 min. Eluates were analyzed by western blot. 
Quantification was performed with ImageJ.

Biotin proximity labeling with miniTurbo in live cells. Cloning of DDB1- 
miniTurbo-V5. attB1-MCS-mCherry-MCS-miniTurbo-MCS-V5-attB2 was 
synthesized as a gBlock (IDTDNA) and cloned into a Gateway-compatible 
donor vector (pDONR221) using BP clonase (Invitrogen, 11789-020) to generate 
pENTR221_MCS_mCherry_miniTurbo_V5 (miniTurbo sequence obtained 
from Addgene, 107170). DDB1 was cloned by Gibson assembly (NEB, E5510S) 
into NdeI+XbaI digested pENTR221_MCS_mCherry_miniTurbo_V5. Primers 
to amplify DDB1 with Gibson compatible overhangs are listed in Supplementary 
Table 6. pcDNA3-FLAG-DDB1 (Addgene, 19918) was used as a template. 
Resulting plasmid pENTR221_DDB1_miniTurbo_V5 was subsequently cloned 
into a Gateway-compatible destination vector (Addgene, 19066) using LR clonase 
(Thermo Fisher Scientific, 11-791-020) to generate pLenti_DDB1_miniTurbo_V5.

Biotin labeling in live cells and pulldown. One 10-cm culture plate of 293T cells 
(70–80% confluent) was transfected with 2 μg of pLenti_DDB1_miniTurbo_V5 
using Lipofectamine 2000 (Invitrogen, 11668019). On the next day, the plate was 
expanded to 2 × 10-cm plates. 48 h after transfection, cells were pretreated with 
10 μM Carfilzomib for 30 min, then treated with either DMSO or 20 μM dCeMM2 
for 1.5 h, adding 500 μM biotin during the last 30 min. Labeling was stopped by 
transferring the cells to ice and washing five times with ice-cold PBS32. Cells were 
collected and lysed in 600 μl of lysis buffer (50 mM Tris-HCl pH 7.5, 125 mM NaCl, 
5% glycerol, 0.2% NP-40, 1.5 mM MgCl2 and protease inhibitors). After 15 min 
incubation at room temperature, lysates were clarified by centrifuging at 15,000g for 
10 min. For streptavidin pulldown of the biotinylated proteins, 500 μg of protein per 
condition were incubated with 50 μl of lysis buffer-washed streptavidin magnetic 
beads (Thermo Fisher Scientific, 11205D) for 1 h at room temperature on a rotator. 
Beads were pelleted using a magnetic rack and each bead sample was washed three 
times with lysis buffer. To elute biotinylated proteins, beads were resuspended in 
65 µl elution Buffer (HEPES pH 8 50 mM, NaCl 150 mM, EDTA 5 mM, SDS 4%) and 
incubated at 75 °C for 30 min. Beads were pelleted on a magnetic rack and eluate 
(60 µl) was collected. Eluates were analyzed by western blot.
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Cyclin K ubiquitination in live cells. Five million KBM7 cells per condition were 
pretreated for 30 min with Carfilzomib 1 µM, then treated with DMSO, dCeMM2 
10 µM or dCeMM2 10 µM + THZ531 10 µM for 2 h, collected and processed for 
western blot analysis. Cells were lysed in 200 µl lysis buffer: 50 mM Tris pH 7.5, 
150 mM NaCl, 0.1% NP-40, 1 mM EDTA, 5 mM MgCl2, 5% glycerol with protease 
inhibitors, phosphatase inhibitors and NEM 25 mM (Sigma-Aldrich E3876). NEM 
was included in all washing steps, including PBS washing after collection before lysis. 
For K-48 pulldown assays, 20 million cells per conditions were used and the protocol 
provided by the manufacturer was followed (Nanotab Biotechnologies, N1810).

TR–FRET experiments. Protein purification. Human WT DDB1 (Uniprot 
entry Q16531), CDK12 (Q9NYV4) and cyclin K (O75909) were subcloned into 
pAC-derived vectors45 and recombinant proteins were expressed as N-terminal 
His6, His6-Spy or StrepII-Avi fusions in Trichoplusia ni High Five insect cells using 
the baculovirus expression system (Invitrogen)46.

WT full-length StrepII-Avi-DDB1 was purified as previously described for 
DDB1–DCAF complexes47. High Five insect cells coexpressing truncated versions 
of WT His6-CDK12 (713-1032) and His6-Spy-tagged cyclin K (amino acids 
1–267) were lysed by sonication in 50 mM Tris-HCl (pH 8.0), 500 mM NaCl, 10% 
(v/v) glycerol, 10 mM MgCl2, 10 mM imidazole, 0.25 mM tris(2-carboxyethyl)
phosphine (TCEP), 0.1% (v/v) Triton X-100, 1 mM phenylmethylsulfonylfluoride 
and 1× protease inhibitor cocktail (Sigma). Following ultracentrifugation, the 
soluble fraction was passed over HIS-Select Ni2+ affinity resin (Sigma), washed 
with 50 mM Tris-HCl (pH 8.0), 1 M NaCl, 10% (v/v) glycerol, 0.25 mM TCEP, 
10 mM imidazole and eluted in 50 mM Tris-HCl (pH 8.0), 200 mM NaCl, 10% (v/v) 
glycerol, 0.25 mM TCEP and 250 mM imidazole. The pH of the eluate was adjusted 
to 6.8 ready for ion exchange chromatography and the affinity purified proteins 
were diluted in a 1:1 ratio with buffer A (50 mM Tris-HCl (pH 6.8), 10 mM NaCl, 
2.5% (v/v) glycerol, 0.25 mM TCEP) and passed over an 8 ml Poros 50HQ column. 
The flow through was again diluted in a 1:1 ratio with buffer A and passed over 
an 8 ml Poros 50HS column. Bound proteins were eluted by a linear salt gradient 
mixing buffer A and buffer B (50 mM Tris-HCl (pH 6.8), 1 M NaCl, 2.5% (v/v) 
glycerol, 0.25 mM TCEP) over 15 CV to a final ratio of 80% buffer B. Poros 50HS 
peak fractions containing the CDK12–cyclin K complex were concentrated and 
subjected to SEC in 50 mM HEPES (pH 7.4), 200 mM NaCl, 2.5% (v/v) glycerol and 
0.25 mM TCEP. The concentrated proteins were flash frozen in liquid nitrogen and 
stored at −80 °C.

Biotinylation of DDB1. Purified full-length StrepII-Avi-DDB1 was biotinylated 
in vitro at a concentration of 8 μM by incubation with final concentrations of 
2.5 μM BirA enzyme and 0.2 mM d-biotin in 50 mM HEPES (pH 7.4), 200 mM 
NaCl, 10 mM MgCl2, 0.25 mM TCEP and 20 mM ATP. The reaction was incubated 
for 1 h at room temperature and stored at 4 °C for 14–16 h. Biotinylated DDB1 
(biotinDDB1) was purified by gel filtration chromatography and stored at −80 °C 
(~20 μM).

TR–FRET. Increasing concentrations of Alexa488-SpyCatcher-labeled10 
His6-Spy-cycK/His6-CDK12 (Alexa488cyclin K–CDK12) were added to a mixture of 
biotinylated DDB1 (biotinDDB1) at 50 nM, terbium-coupled streptavidin at 4 nM 
(Invitrogen) and kinase inhibitors at 10 µM (final concentrations) in 384-well 
microplates (Greiner, 784076) in a buffer containing 50 mM Tris (pH 7.5), 
150 mM NaCl, 0.1% pluronic acid and 0.5% DMSO (see also figure legends). 
Forward titrations were carried out by adding increasing concentrations of 
Alexa488cycK-CDK12 (0-5 μM) into premixed 10 µM compound, 50 nM biotinDDB1 
and 4 nM terbium-coupled streptavidin. Before TR–FRET measurements, reactions 
were incubated for 15 min at room temperature. After excitation of terbium (Tb) 
fluorescence at 337 nm, emissions at 490 nm (Tb) and 520 nm (Alexa488) were 
measured with a 70-μs delay to reduce background fluorescence and the reactions 
were followed by recording 60 data points of each well over 1 h using a PHERAstar 
FS microplate reader (BMG Labtech). The TR–FRET signal of each data point was 
extracted by calculating the 520 to 490 nm ratio. Data were analyzed with Prism 7 
(GraphPad) assuming equimolar binding of biotinDDB1 to Alexa488cyclin K–CDK12 
using the equations described previously8. Three technical replicates were carried 
out per experiment.

Cyclin K degradation-sensitivity correlations and synergy experiments. 
Correlation of degradation and sensitivity (Supplementary Figs. 9f and 10c) 
in a panel of cell lines was calculated using cyclin K levels by immunoblotting 
and EC50s by 3-d viability assays. Cyclin K levels were quantified with ImageJ, 
normalized to KBM7 and plotted against the EC50 of a particular cell line.

For the two-way compound combinations of synergy experiments, compounds 
were added to 384-well plates in a 6 × 10 matrixed format (six-point titrations, 
including DMSO control of dCeMM2 and ten-point titrations of DNA damage 
drugs including DMSO control) were used. Then 1,000 SKW3 cells per well in 50 µl 
were used in 384-well plates. Cell viability was measured 72 h later (CellTiter Glo, 
Promega G7570) and Bliss scores were calculated as previously described48.

Statistics and reproducibility. Information regarding error bars, numbers of 
replicates or samples, and statistical analyses are described in the corresponding 

figure legends. Representative results of at least two independent experiments 
are shown unless otherwise indicated. No statistical methods were used to 
predetermine sample size. The experiments were not randomized and the 
investigators were not blinded to allocation during experiments and outcome 
assessment.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this paper.

Data availability
The authors declare that the data supporting the findings of this study are available 
within the paper and its supplementary information files. Sequencing of sgRNA 
cassettes from all the CRISPR–Cas9 screens described in this study (Figs. 1h and 3a 
and Extended Data Figs. 5a and 6b–e) and hybrid-capture experiments (Fig. 3h and 
Extended Data Figs. 7h and 8d) have been deposited in the NCBI Sequence Read 
Archive under the accession code PRJNA599346. The analyzed data are provided 
in Supplementary Tables 2 and 5, respectively. Expression proteomics data (Figs. 1g 
and 2a and Extended Data Figs. 2a and 4d,e) are provided in Supplementary Table 3. 
Searches were performed with full tryptic digestion against the human SwissProt 
database v.2017.06 06 (https://www.uniprot.org/statistics/Swiss-Prot%202017_06). 
Structure of DDB1 in complex with SV5V peptide (Fig. 3i) corresponds to  
PDB 2HYE. RNA-seq data (Fig. 2e,f and Extended Data Fig. 4a–c) have been 
deposited in the GEO under the accession code GSE142405. The analyzed data are 
provided in Supplementary Table 4. Source data are provided with this paper.

Code availability
A detailed description of the bioinformatics analysis used for CRISPR screens, 
hybrid capture and RNA-seq is available in the Methods. RNA-seq analysis code 
available at https://github.com/himrichova/MGs_RNAseq_analysis. Source data 
are provided with this paper.
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PCSK9 heightens LDL cholesterol levels by chaperoning the liver LDL receptor to lysosomes for degradation.
In this issue ofCell Chemical Biology, Petrilli et al. (2020) identify novel PCSK9 ligands and convert them into a
proof-of-concept degrader, offering a unique way to modulate this key protein-protein interaction.
Targeted protein degradation (TPD) is an

emerging paradigm in pharmacology

with the promise to efficiently inactivate

previously intractable drug targets (re-

viewed in Chopra et al., 2019). Whereas

classical inhibitors bind and block the

active site of enzymatic proteins or recep-

tors, degrader compounds recruit the

target protein to a ubiquitin ligase

and trigger the ubiquitination and subse-

quent degradation of the target in a cata-

lytic manner. This can be achieved

with bifunctional degrader molecules

(PROTACs) that consist of a target-re-

cruiting ligand connected through a cova-

lent linker to a ubiquitin ligase-binding

compound (Chopra et al., 2019). Molecu-

lar glue degraders, which are small, drug-

like compounds that induce target-ligase

interactions by binding at the protein-pro-

tein interface without the need for two

ligandable pockets, represent another

type of degraders, whose rational design

is less intuitive than that of PROTACs
(Chopra et al., 2019). An additional class

of degraders, albeit much further from

clinical translation than PROTACs or mo-

lecular glues, achieves degradation by

target recruitment to the proteasome

through coupling target binders to hydro-

phobic moieties (Neklesa et al., 2011).

To date, an overwhelming majority of

small-molecule degraders are repur-

posed inhibitors, with only a few exam-

ples of degraders published where no

prior inhibitor was available (Gechijian

et al., 2018). Given that for degradation

only a binder, and not a functional inhibi-

tor, is required, the true potential of TPD

for difficult targets has not yet been real-

ized. Fulfilling the promise of expanding

the repertoire of druggable proteins would

require shifting the focus toward high-

throughput screening approaches that

allow the identification of a broad range

of binders for a given target. The work of

Petrilli et al. (2020) presented in this issue

of Cell Chemical Biology illustrates a
comprehensive yet untraditional drug dis-

covery workflow, whereby a binder-ori-

ented screen yields a novel ligand of

PCSK9 that is subsequently converted

into a proof-of-concept PCSK9 degrader.

Low-density lipoprotein (LDL) choles-

terol is an important risk factor in coronary

heart disease. Statins are the most widely

used cholesterol-lowering drugs and are

known to block an early step in sterol

biosynthesis by inhibiting HMG-CoA

reductase. Although commonly pre-

scribed across the world for cardiovascu-

lar disease prevention, many patients fail

to achieve satisfactory LDL cholesterol

levels following statin treatment. The dis-

covery that the serine protease proprotein

convertase subtilisin kexin 9 (PCSK9) af-

fects LDL cholesterol levels by regulating

the abundance of the LDL receptor pro-

tein has paved the way for the develop-

ment of novel strategies for the treatment

of hypercholesterolemia (Cohen et al.,

2006). PCSK9 binds the LDL receptor
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Figure 1. The Workflow of the Study Featuring Chemical Structures
of the Developed Compounds and Degradation Data for the Proof-
of-Concept PCSK9 Degrader
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and targets it to lysosomes for

degradation, which results in

reduced uptake of LDL parti-

cles from the blood and

higher levels of circulating

LDL cholesterol. Accordingly,

patients with loss-of-function

PCSK9 mutations have

extraordinarily low LDL

cholesterol levels and up to

88% lower risk of coronary

heart disease (Cohen et al.,

2006). Preventing the

PCSK9-LDL receptor interac-

tion can therefore lower the

risk of cardiovascular events.

Many approaches are

currently being pursued to

modulate PCSK9 levels,

including siRNA, mRNA

translation inhibitors, gene

editing, and PCSK9 vaccines

(reviewed in Seidah et al.,

2019). The only clinically

approved treatment, howev-

er, involves monoclonal anti-

bodies (evolocumab and alir-

ocumab) that do not fully

recapitulate the PCSK9

knockout phenotype and,

although effective, remain a

rather costly approach (Saba-

tine et al., 2017).

Small-molecule therapeu-

tics could yield more cost-

effective treatments. Howev-

er, such approaches have

been precluded by the fact

that the PCSK9 active site is

nonessential for LDL receptor

downregulation and by chal-

lenges inherent to developing

small-molecule inhibitors of

protein-protein interactions

(PPIs). The catalytic domain

of PCSK9 binds the

epidermal growth factor-like

domain A (EGF-A) of the LDL

receptor and the relatively

flat and featureless surface
has thus far rendered the interface intrac-

table by small molecules (Kwon et al.,

2008). Even though peptides capable of

blocking the interaction have shown

considerable promise (Zhang et al.,

2017), they are yet to be optimized and

developed into orally bioavailable drugs.

Petrilli et al. (2020) initially sought to

find small molecules that disrupt the
PCSK9-LDL receptor interaction but

failed to identify such compounds despite

considerable efforts involving biochem-

ical and cell-based assays and several

diverse libraries. Likely with TPD in mind,

the authors refocused their hit-finding

campaign and instead pursued PCSK9

binders, irrespective of their binding

pocket or the predicted pharmacological
Cell Chemical B
effect. An affinity selection/

mass spectrometry (AS/MS)-

based screening approach

yielded one validated hit

compound (Figure 1). The

identified compound bound

to a previously undiscovered

pocket located between the

catalytic and C-terminal

domain of PCSK9 close to

where the reported loss-of-

function mutations occur in

the protein. Guided by their

structural data, the authors

(Petrilli et al., 2020) systemat-

ically optimized the ligand

focusing on the C6 and C7

positions of the isoquinoline

ring and successfully engi-

neered several additional

non-covalent interactions

with PCSK9 residues, giving

rise to high-affinity ligands

(Ki = 29 nM for the optimized

binder; Figure 1). In a parallel

optimization effort, the au-

thors used the PCSK9 protein

to template a 1,3-dipolar

Huisgen cycloaddition that

only gives the respective

1,2,3-triazole products if the

azide and alkyne fragments

screened are bound to

pockets in close proximity

and with the correct orienta-

tion. While this target-guided

ligand optimization approach

did not yield the most potent

binders in the study, it

provided distinct structure-

activity relationship data

and illustrated a streamlined

fragment-based ligand opti-

mization workflow combining

protein templated click chem-

istry with AS/MS. The authors

further employed a cellular

thermal shift assay (CETSA)

to corroborate efficient target

engagement in cell lysates.
As these novel PCSK9 binders failed to

modulate the interaction with the LDL re-

ceptor, the authors (Petrilli et al., 2020) at-

tempted to turn their inactive molecules

into active bifunctional degraders to

enable drug-induced PCSK9 degr-

adation. Coupling the PCSK9 binders to

ligands recruiting VHL, a cullin-RING

ligase substrate receptor commonly
iology 27, January 16, 2020 17
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employed in TPD, or cIAP, a non-cullin E3

ligase, did not yield active PROTACmole-

cules for reasons unclear. Nonetheless,

as a proof of concept, the authors

coupled their ligand to tert-butyl carba-

mate-protected arginine (Arg(Boc)3), a

small chemical degron that reportedly

elicits degradation in a ubiquitin-indepen-

dent manner by recruiting the target pro-

tein directly to the proteasome (Shi

et al., 2016). Tethering the Arg(Boc)3 moi-

ety to the solvent-exposed C6 position on

the isoquinoline ring resulted in an active

PCSK9 degrader compound (Figure 1).

Structural characterization of the pro-

tein-degrader complex revealed that pro-

tein-ligand interactions were maintained

and the proteasome-recruiting moiety

was solvent exposed. Experiments in

HEK293 cells overexpressing PCSK9

demonstrated degradation of the target

protein (DC50 = 4.8 mM, DCmax = 58%)

and confirmed that the compound has

no adverse effects on cell viability.

This proof-of-concept degrader clearly

shows that TPD is a viable strategy to

modulate PCSK9 protein levels and paves

the way for the further development

of degraders for this clinically relevant

target. As the Arg(Boc)3 moiety-based

recruitment has certain translational limi-

tations, further optimization of PROTACs

through exploring different ligase and

linker combinations, or the development

of molecular glue degraders of PCSK9,

could yield compounds with immediate

clinical applicability.

More generally, the example of the

PCSK9-LDL receptor interaction high-

lights the difficulties inherent in devel-

oping PPI inhibitors. Despite recent prog-

ress in the field, many highly clinically

relevant PPIs remain challenging and inhi-

bition of one protein partner is often not

enough to have a functional consequence

on the interaction. The work of Petrilli

et al. (2020) illustrates a promising strat-

egy for targeting an intractable PPI

through leveraging drug-induced degra-

dation of one of the interacting proteins.

This study by Petrilli et al. (2020) also

exemplifies an interesting workflow that
18 Cell Chemical Biology 27, January 16, 202
does not simply aim to identify an inhibitor

of the target, or a disruptor of a particular

PPI, but is considerably more open-

minded in the search for small-molecule

binders regardless of their immediate

functional consequences. Such an

extended focus can reveal the true

potential of TPD, whereby inactive

binders can be repurposed to drive

degradation of otherwise intractable pro-

teins. Furthermore, adopting binder-ori-

ented screening approaches more widely

in drug discovery campaigns could

also allow the identification of compounds

that affect protein activity in underappre-

ciated but therapeutically relevant

ways, including altering the cellular stabil-

ities or interactomes of their targets

(Schreiber, 2019).

The work presented in this issue of Cell

Chemical Biology by Petrilli et al. (2020)

showcases the development of a proof-

of-concept PCSK9 degrader from a hit

compound that binds to a previously

undescribed pocket on the protein.

Although active compounds that could

be directly translated into the clinic are

yet to be reported, the present findings

provide a much-needed framework that

will likely expedite the development of

degraders for cardiovascular disease pre-

vention. As degraders combine the ad-

vantages of small-molecular inhibitors

with the ability to control protein levels

typically limited to antibody-based and

genetic approaches, it would be impor-

tant to perform in vivo studies (once

optimized compounds are available) to

answer whether degradation can indeed

recapitulate the PCSK9 knockout

phenotype. In the not-too-distant

future, PCSK9 degraders may thus hope-

fully become a novel class of small-

molecule drugs for the treatment of

hypercholesterolemia.
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STUCTURAL BIOLOGY

Mechanisms of OCT4-SOX2 motif readout
on nucleosomes
Alicia K. Michael1*, Ralph S. Grand1*, Luke Isbel1*, Simone Cavadini1, Zuzanna Kozicka1,2,
Georg Kempf1, Richard D. Bunker1†, Andreas D. Schenk1, Alexandra Graff-Meyer1, Ganesh R. Pathare1,
Joscha Weiss1, Syota Matsumoto1, Lukas Burger1,3, Dirk Schübeler1,2‡, Nicolas H. Thomä1‡

Transcription factors (TFs) regulate gene expression through chromatin where nucleosomes restrict
DNA access. To study how TFs bind nucleosome-occupied motifs, we focused on the reprogramming
factors OCT4 and SOX2 in mouse embryonic stem cells. We determined TF engagement throughout a
nucleosome at base-pair resolution in vitro, enabling structure determination by cryo–electron microscopy
at two preferred positions. Depending on motif location, OCT4 and SOX2 differentially distort
nucleosomal DNA. At one position, OCT4-SOX2 removes DNA from histone H2A and histone H3; however,
at an inverted motif, the TFs only induce local DNA distortions. OCT4 uses one of its two DNA-binding
domains to engage DNA in both structures, reading out a partial motif. These findings explain site-
specific nucleosome engagement by the pluripotency factors OCT4 and SOX2, and they reveal how TFs
distort nucleosomes to access chromatinized motifs.

T
ranscription factors (TFs) regulate gene
expression and govern cell identity by in-
teracting with specific sequence motifs.
OCT4 and SOX2 serve as reprogram-
ming TFs (1) that cooperate as critical

mediators of pluripotency (2–4). Although
they are not obligate heterodimers in solu-
tion, the combined OCT4-SOX2 motif drives
OCT4-SOX2 complex formation (5, 6).
Chromatin restricts DNA access (7, 8), but

a specialized subset of TFs, termed pioneer
factors, can engage chromatinized motifs to
trigger cell-fate changes (9). Several TFs have
been shown to bind motifs embedded in nu-
cleosomes in vitro (1, 10, 11); however, the
nucleosome architecture, with histones H2A,
H2B, H3, and H4 and its two DNA gyres (12),
restricts TF access to >95% of nucleosomal
DNA (13). Two extreme scenarios for nucleo-
somal TF-engagement have been put forward:
TF binding without changing the nucleosomal
architecture (10, 14) or TF-mediated changes
to the nucleosome by distorting the histone
core, looping the DNA, or taking advantage
of nucleosome unwrapping dynamics at the
entry-exit sites (15, 16).
OCT4 binding is predicted to be incompati-

ble with the nucleosome architecture on the
basis of its engagement with free DNA (17–19),
although partial motifs have been identified
where OCT4 engages only a portion of its
binding site to maintain nucleosome integ-
rity (1). Despite being critical for genome

regulation, the structural and mechanistic
principles governing nucleosome engage-
ment by single or multiple TFs have yet to be
determined.

SeEN-seq reveals preferential binding of
OCT4-SOX2 to nucleosomal entry-exit sites
Each rotational and translational setting of a
motif around a nucleosome places the TF in a
different histone-DNA environment. To assess
all potential TF-binding registers on a nucleo-
some, we built on approaches that examine
select loci (20, 21) and developed selected
engagement on nucleosome sequencing
(SeEN-seq), which measures the relative
affinity of one or multiple TFs for each nucleo-
somal register in parallel (Fig. 1A). We focused
onOCT4 and its dependence on SOX2 because
both factors show strong co-occupancy at tar-
get genes in vivo (22, 23), and the OCT4-SOX2
protein-protein interface is required for pluri-
potency (24). The canonical OCT4-SOX2motif
(matrix ID MA0142.1) (25) was tiled at 1–base
pair (bp) intervals through a 601-nucleosome
positioning sequence (26). The sequence li-
brary was then assembled into octameric nu-
cleosome core particles (NCPs), incubatedwith
the TF(s), and subjected to electrophoretic
mobility shift assay (EMSA). TF-bound and
unbound nucleosome complexes were excised
and subjected to next-generation sequencing
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Fig. 1. SeEN-seq identifies preferred binding sites of OCT4 and OCT4-SOX2 across the nucleosome.
(A) Principle of SeEN-seq. A library of TF motif–containing nucleosome positioning sequences is assembled into
nucleosomes and incubated with TF(s). TF-bound and unbound nucleosome complexes are separated by
EMSA and sequenced, revealing position-specific enrichments. Stars indicate a specific example sequence at
each step of the assay. (B) SeEN-seq enrichment (n = 3 replicates) for nucleosome pool with or without TFs.
Further details are provided in fig. S1C. Motif position is indicated by superhelix location (SHL) that describes
where the minor groove faces away (SHLs ±1, ±2, etc.) or toward (SHLs ±1.5, ±2.5, etc.) the histone octamer.
(C) Autocorrelation analysis of OCT4 enrichment; dashed lines indicate 95% confidence interval. (D) DNA
nucleosome unwrapping energy (15) versus OCT4 and OCT4-SOX2 SeEN-seq enrichment profile. Arrows indicate
enriched positions in OCT4. DG, delta Gibbs free energy; kBT, 0.6 kcal/mol, where T = 300 K.
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(NGS), which generated singlemolecule counts
that approximate motif affinity as a function
of position.
A range of protein concentrations of either

OCT4, SOX2 (residues 37 to 118), orOCT4-SOX2
together were assessed, with a total of 4752
conditions measured with high reproducibility
(Fig. 1B and fig. S1, A to C). The trends in
OCT4 or SOX2 binding at selected positions
were validated by fluorescence polarization
measurements (fig. S2, A to E). Previously,
two OCT4 motif locations were tested and
found to provide similar OCT4 access to the
nucleosome-embedded motif (27). Although
this was recapitulated in SeEN-seq, our com-
prehensive examination of all motif locations
reveals clear OCT4 preference for nucleosomal
DNA entry-exit sites as well as discrete prefer-
ential bindingsites~1 to3bp inwidth throughout
thenucleosome (Fig. 1Band fig. S1C). SOX2 shows
less differential enrichment in SeEN-seq, in line
with published data (10), with some degree of
preferred binding toward the entry-exit sites
and near the dyad (Fig. 1B and fig. S1C). Given
the small enrichment amplitudes for SOX2
alone, we focused on the robust and differ-
ential binding activity seen for OCT4 and how
it is affectedbySOX2.OCT4andSOX2cooperate
strongly, which results in up to 650-fold in-
creased binding compared with that caused

by OCT4 alone (fig. S1C). This effect is most
evident at entry-exit sites with weaker coop-
erativity observed at internal sites (fig. S1C).
Although OCT4-SOX2 binding appears

roughly symmetrical across the dyad, for OCT4
alone, enrichment in the right half of the nu-
cleosome [superhelix locations (SHLs) +4 to
+6.5] is more pronounced compared with that
in the left (SHLs −4 to −6.5) (Fig. 1B and fig.
S1C). A notable difference is the motif orien-
tation on either side of the dyad; on the left,
the OCT4 portion of the motif is closest to
the dyad, whereas on the right it is oriented
toward the entry-exit site of the nucleosome.
Positions enriched for OCT4 alone and OCT4-
SOX2 exhibited stronger binding at discrete
sites with 10-bp periodicity across the nucleo-
some (Fig. 1C and fig. S2, F and G). Both OCT4
and OCT4-SOX2 show a trend of stronger
binding at the entry-exit site than at the dyad
(Fig. 1D). This would be expected if OCT4 and
OCT4-SOX2 binding was facilitated by nucleo-
somal breathing, which is more pronounced
toward the nucleosomal entry-exit sites (15).
However, binding is not simply a function of
nucleosomal breathing, because in the pres-
ence of OCT4 alone, motifs on the left half of
the nucleosome (SHLs −6.5 to −6.0) are not
boundacross 5bp,whereas adjacentmotifsmore
proximal to the dyad are tightly bound (Fig. 1, B

and D, and fig. S2H). These entry-exit site loci
are unbound by OCT4 alone, but they are
bound cooperatively with SOX2 (Fig. 1D and
fig. S2H). Thus, spatial orientation of themotif,
cooperativity, and nucleosomal breathing dy-
namics all govern OCT4-SOX2 binding.

Structure of OCT4-SOX2 bound at SHL −6
shows DNA release from the histone core

To dissect mechanisms of nucleosome engage-
ment, we performed structural studies with
OCT4-SOX2, which co-bind key target genes
in vivo and have a cooperative effect in vitro
(fig. S2, I to L) (22). For structural studies, we
focused on sites that showdiscreteOCT4 SeEN-
seq enrichment and cooperative binding in the
presence of SOX2 (fig. S3A). A site 57 bp from
the dyad (SHL −6) enabled structure determi-
nation from ~90,000 particles at an overall
resolution of 3.1 Å (Fig. 2, A and B, and fig. S3).
The nucleosome core and discrete domains of
OCT4 [POU-specific (POUS)] and SOX2 [high-
mobility group (HMG)] were well resolved (see
fig. S3F for local resolution), which allowed
conservative refinement with reference re-
straints to existing high-resolution OCT4 and
SOX2 DNA-bound crystal structures (Fig. 2, B
and C; fig. S4; and fig. S5, A to D) (18, 19).
In theOCT4-SOX2-NCPSHL−6 structure,OCT4

and SOX2 together remove theDNA from core
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Fig. 2. Cryo-EM structure of OCT4-SOX2-NCPSHL−6 complex. (A) Domain
schematic of OCT4 and SOX2 constructs. GFP, green fluorescent protein; TAD,
transactivation domain. (B) Cryo-EMmap of OCT4-SOX2-NCPSHL−6 at 3.1-Å resolution.
(C) Model of the OCT4-SOX2-NCPSHL−6 complex. The H3 N-terminal helix and tail
(shown as spheres) stabilize DNA at the entry-exit in a canonical nucleosome (31). The
presence of OCT4-SOX2 increases the distance between H3 (Arg41) and the nearest

DNA base (T143) by 12.7 Å as compared with the unbound nucleosome. (D) Dyad
view of the OCT4-SOX2-NCPSHL−6 structure. (E) In the depicted OCT4-SOX2
arrangement, a model of POUHD engagement with its motif shows significant clash
with the H2A:H2B dimer. Overlay of free DNA–bound structure (PDB: 1O4X) with the
nucleosome-bound structure, aligned on the DNA (see also fig. S5E). (F) Schematic
of free DNA versus the observed nucleosome-binding mode of OCT4-SOX2.
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histones (Fig. 2, C andD). OCT4 has a bipartite
DNA-binding domain composed of a POUS and
POU-homeodomain (POUHD) separated by
17 residues, whereas SOX2 utilizes an HMG
domain (18). When nucleosome-bound, the
OCT4-POUS and SOX2-HMG DNA-binding

domains engage major and minor grooves,
respectively, with protein-DNA interactions con-
sistent with those previously seen for the indi-
vidual OCT4-POUS domain and SOX2 on free
DNA (fig. S5E). The DNA remains attached
and straightened around the OCT4 site but is

detached around the SOX2 motif (Fig. 2 and
fig. S5F). SOX2 kinks the DNA and, together
with OCT4, synergistically releases DNA from
the core histones (movie S1). OCT4-SOX2 forms
no discernable histone contacts, with the DNA
separating them from the nucleosome core

Michael et al., Science 368, 1460–1465 (2020) 26 June 2020 3 of 6

Fig. 3. OCT4-SOX2 lifts the entry-exit DNA
away from the histone core. (A) Comparison
of the unbound nucleosome DNA (blue)
with the OCT4-SOX2 bound nucleosome
structure (gray). The DNA is kinked
~90° away from the histones. Residues at
the OCT4-DNA interface are shown as sticks.
POUS motif nucleotides are shown as
ribose and base rings. (B) SOX2 kinks the
nucleosomal DNA away from the histones.
SOX2 uses conserved (Phe48 and Met49)
residues to intercalate a TT base step,
indicated by arrows (see also fig. S8A).
OCT4 is removed for clarity. (C) Difference
in DNaseI digestion across the nucleosome
in the presence of OCT4 or OCT4-SOX2
(right). Zoom-in view around the OCT4-SOX2
motif (left).

Fig. 4. OCT4-SOX2 bound at SHL +6 induces
localized DNA distortion. (A) Depiction of
OCT4-SOX2 SeEN-seq profile illustrating
symmetric positions used for structure
determination (arrows). As the OCT4-SOX2
motif is tiled across the nucleosome, the
orientation of the proteins in relation to the
dyad is inverted. (B) OCT4-SOX2-NCPSHL+6

model. (C) Details of SOX2-induced DNA
kink. SOX2 binding locally distorts DNA near
SHL +5. The C terminus of SOX2 approaches
the histone core when bound in this orientation,
distorting DNA away from the stabilizing
H2B residues [N terminus (Arg34) and a1].
The 7-Å movement indicated is calculated
between the phosphate backbone at Cys123

in the bound and unbound DNA. SHLs are
shown (SHLs +4.5 and +5.5). (D) Comparison
of the DNA trajectory in the OCT4-SOX2-
NCPSHL+6 (SHL +6) (top) versus OCT4-SOX2-
NCPSHL−6 (SHL −6) (bottom) structures. The
DNA trajectory at the entry-exit site of the
TF-bound structures is indicated with an arrow.
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(Fig. 2, C and D). Density for the OCT4 trans-
activation domains was not observed, which is
consistent with similar nucleosome-affinity
measurements for full-length OCT4 and OCT4
DNA-binding domain only (fig. S5G).
OCT4 recognizes a partial motif, engag-

ing DNA with its POUS domain, whereas the
POUHD is not engaged. On free DNA, both
POU domains engage the major groove span-
ning 8 bp on opposite sides of the DNA and
would clash with either the histones or DNA
gyres at all locations on the nucleosome (19, 28)
(Fig. 2E and fig. S6A). To stabilize the OCT4-
SOX2-NCPSHL−6 complex for imaging, GraFix
cross-linking was necessary and a cross-link
was evident betweenH2A andH2B (fig. S6B)
(29). To test if POUHD access was blocked by
the cross-linking of histones, we solved an
~4-Åmap of the non–cross-linkedOCT4-SOX2-
NCPSHL−6 nucleosome (fig. S7, A to E), which
resulted in a largely indistinguishable mod-
el (root mean square deviation, 1.3 Å; fig. S7,
F and G). As the OCT4 POUHD motif is oc-
cluded by H2A-H2B, the bindingmechanism
involving only the OCT4 POUS is consist-
ent with partial motif engagement (Fig. 2F)
(1). Partial motif recognition, however, does
not necessarily render TF binding compat-
ible with the nucleosomal DNA structure
(fig. S5F).

In the context of the nucleosome, SOX2 com-
petes with histones for DNA binding and kinks
DNA by ~90° at SHL −6.5 away from the his-
tones, similar to HMG domains on free DNA
(Fig. 3, A and B, and fig. S8A) (18). This is
accomplished by intercalation of the SOX2
Phe48 and Met49 wedge at the TT base step
(18). Variant SOX2 motifs that lessen distor-
tion of the DNA induced by SOX2 have been
described and may facilitate nucleosome-
compatible dyad binding (1, 10, 30). How-
ever, with the canonical SOX2motif used here,
SOX2 facing the entry-exit site is not compati-
ble with the canonical nucleosome architec-
ture and triggers DNA release (31).
Despite disruption of histone-DNA contacts

at SHL −6.5, no histone rearrangements were
observed after OCT4-SOX2 binding and DNA
release across 14 bp (fig. S8, B and C). To verify
OCT4-SOX2 binding and DNA release using
an orthogonal approach, we performed deoxy-
ribonuclease I (DNaseI) footprinting in the
absence and presence of OCT4 or OCT4-SOX2.
This revealed increased digestion at the nu-
cleosomal entry-exit site (SHLs −7 to −5.5) in
the presence of OCT4-SOX2, in line with DNA
detachment and partial motif binding (Fig.
3C and fig. S9, A and B). Notably, OCT4 alone
triggers DNA release, and OCT4 and OCT4-
SOX2 also destabilize the opposite nucleo-

somal entry-exit site (SHLs +5.5 to +7), which
is also evident in the cryo–electron micros-
copy (cryo-EM) map (Fig. 2 and fig. S3). The
structures, footprinting profiles (Fig. 3), and
thermal stability assays (fig. S9C) together
support the idea that OCT4 and OCT4-SOX2
release DNA from the histones and have
a global effect on the DNA structure of the
nucleosome.

OCT4-SOX2 bound at SHL +6 induces minimal
distortion to nucleosomal DNA

The SeEN-seq profile suggests that OCT4-SOX2
engagement depends onmotif orientation (Fig.
1B). To examine this structurally, we utilized
the same position but with the motif inverted
across the dyad axis, i.e., SHL +6 (Fig. 4A).
Doing so places the ~90° kink-inducing SOX2
motif in a dyad-proximal orientation andOCT4
closer to the entry-exit site. The SHL+6 sitewas
enriched for OCT4-SOX2 binding in SeEN-seq,
and the use of this position enabled cryo-EM
structure determination of an OCT4-SOX2-
NCPSHL+6 complex at an overall resolution of
3.5 Å (Fig. 4B and fig. S10; see fig. S10E for
local resolution). The map allowed unambig-
uous rigid body docking of the nucleosome
and of SOX2 (figs. S11 and S12). OCT4 (POUS)
density was less continuous but sufficient
to dock a Camodel (fig. S11D). The resulting
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Fig. 5. The HMG-POUS partial motif is
bound in vivo and opens chromatin.
(A) Fraction of the top thousand motifs,
ranked by match to the position weight motif,
that are bound by Oct4 (2-fold ChIP-seq
enrichment). Mean and individual values from
two separate datasets are shown (33, 34).
Significant enrichment is detected for full and
partial motifs compared with loci without a
motif (lowest 1000 genomic matches to the
Oct4-Sox2 motif). **P < 0.01; ****P <
0.0001. (Pearson's chi-square test, indicated
for dataset with least significance). (B) Sche-
matic representation of targeted motif
insertion and Oct4 ChIP-qPCR enrichment
at the ectopic insertion locus and endoge-
nous control (Cont.) locus. *P < 0.05;
error bars indicate SEM of at least two
biological replicates. (C) Representative
genomic region (chr9: 115723244 to
115725243) that shows binding of Oct4 to
a partial HMG-POUS motif (top) and
Oct4-dependent chromatin accessibility
(bottom). Expr., Oct4-expressing cells; KD,
Oct4-knockdown cells. (D) Graphical repre-
sentation of the nucleosome distortion
induced by OCT4-SOX2 when bound
at dyad-symmetric sites.
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OCT4-SOX2 interface was consistent with pre-
viously determined structures (Fig. 2, fig. S11C,
and materials and methods).
In the structure, OCT4 engages its motif

with the POUS domain only (Fig. 4B), and the
POUHD is unable to access its motif in the
observed DNA configuration (fig. S13). OCT4-
SOX2 together give rise to an extended DNA-
binding surface across 11 bp that further bends
the nucleosomal DNA by ~90° at the SOX2
site (SHL +5) and straightens the DNA near
theOCT4 site (SHL+6), producing anL-shaped
DNA arrangement (Fig. 4B). This conforma-
tion locally lifts the duplex away from the his-
tones and DNA gyre, but, in contrast to the
reversed orientation, does not fully release
the DNA from histones at the entry-exit site.
At the SOX2 motif with the DNA locally de-
tached, SOX2 helices 1 and 2 widen the minor
groove, and the C terminus (residues 110 to
114) wedges between the DNA and histones
(SHL +5) (Fig. 4C). Despite partial engage-
ment of an internal-nucleosomal motif, the
SOX2 and OCT4 (POUS) DNA interactions
and induced DNA distortions are again sim-
ilar to those previously seen on free DNA (fig.
S11C).Within one helical turn, on either side of
OCT4-SOX2, these DNA distortions are largely
absorbed into the canonical DNA trajectory
of the nucleosome (Fig. 4D). The histone core
architecture again shows no substantial dis-
tortion. The DNA at the opposite nucleosomal
entry-exit site (SHLs −7 to −5.5) appears to be
disordered in the cryo-EMmap (fig. S10E and
fig. S14). In both structures (Figs. 2 and 4),
OCT4 binds a partial DNA motif through its
POUS domain and, along with SOX2, affects
the entire nucleosomal DNA structure to vary-
ing extents.

The HMG-POUS partial motif is sufficient
for TF engagement and the opening of
chromatin in vivo

Previous work has identified that either Oct4
or Sox2 alone engage reduced-complexity mo-
tifs on nucleosomes during reprogramming
(1). A recent study has also identified weaker-
scoringmotifs for SOXproteins onnucleosome-
sized fragments (32). The structures now
reveal that OCT4-SOX2 partial motif engage-
ment is utilized in both orientations on the
nucleosome. This led us to test whether OCT4-
POUS and SOX2-HMG domains are sufficient
to engage chromatin in vivo (Fig. 5A and fig.
S15A). Through in-depth analysis of existing
chromatin immunoprecipitation sequencing
(ChIP-seq) datasets (33, 34), we found that
the partial HMG-POUS motif is sufficient to
drive genomic binding, although the full motif
was bound more frequently (Fig. 5A). To test
this experimentally, we introduced full and
partial motifs at a defined genomic position
in mouse embryonic stem cells (mESCs) by
recombination–mediated cassette exchange

(35) (Fig. 5B). Motifs were introduced in the
SHL −6 position of the 601 sequence (see
materials and methods), and Oct4 binding
was determined. This revealed significant
Oct4 enrichment at both the full and partial
motifs but not in the control (Fig. 5B and fig.
S15B). Thus, singlemotifs recapitulate genome-
wide Oct4 binding to partial motifs.
Next, we asked if binding creates open chro-

matin. Comparing accessibility in mESCs
(36) revealed that full and partial motifs can
both generate accessible chromatin in anOct4-
dependent manner (Fig. 5C and fig. S15, C and
D). Consistently, the same effect is evident
upon knockdown ofOct4 or Sox2, which shows
that both TFs are required for full accessi-
bility at these loci (37) (fig. S15, E to H). This
confirms the cooperativity observed in SeEN-
seq; however, the local effect is expected to be
highly context dependent, as additional pro-
teins contribute to accessibility in vivo (36).
We interpret our structures to depict an initial
encounter complex between OCT4-SOX2 and
the nucleosome en route to open chromatin.
Upon nucleosome removal, OCT4 is expected
to engage a full motif with its two POU do-
mains, thereby accounting for the stronger
enrichment of the full versus the partial motif.
Together, genome-wide binding, single-locus
insertion, and genome-wide accessibility data
demonstrate that the OCT4-POUS domain is
sufficient to engage and open chromatin in
conjunctionwith Sox2. This reveals the poten-
tial for such nucleosome-compatible motifs to
function as bona fide binding sites beyond the
ability to initially engage closed chromatin.

Discussion

The structures illustrate bindingmechanisms
of OCT4-SOX2 at two positions on the nucleo-
some. At SHL ±6, the structures depict OCT4-
SOX2 near the entry-exit sites, where both TFs
cooperate to access DNA. At the SHL −6 site,
where SOX2 faces the entry-exit site, OCT4-
SOX2 releases the DNA duplex from the his-
tones. In the OCT4-SOX2-NCPSHL+6 structure,
where SOX2 faces the dyad, the nucleosomal
DNA assumes an L-shaped trajectory and is
not fully released from the histones (Fig. 5D).
The SHL −6 structure demonstrates that par-
tial motif recognition and DNA release are not
mutually exclusive (Figs. 2 and 3), whereas the
SHL+6 structure depicts howmore–internally
bound sites can be accommodated without
full removal of nucleosomal DNA ends (Fig. 4).
We consistently find only the OCT4 POUS
engaged, with the POUHD motif occluded by
the nucleosome architecture. The OCT4 POUS
and POUHD domains could, in principal, en-
gage the full OCT4 motif if the DNA was fur-
ther unwrapped from the histones, which we
do not observe in our structures (Figs. 2 and 4)
or DNaseI experiments (Fig. 3C). Thus, partial
motif recognition allows TFs tominimize DNA

unwrappingwhen engagingnucleosomal sites,
although partial motifs do not fully preempt
nucleosome distortions. We show that partial
OCT4 motifs, in conjunction with SOX2, are
recognized in vivo and create open chroma-
tin (Fig. 5).
SeEN-seq binding profiles, combined with

the structural data, allow us to rationalize
OCT4-SOX2 engagement throughout the nu-
cleosome. OCT4 and OCT4-SOX2 bind best at
the nucleosomal entry-exit sites, where DNA
breathing is expected to facilitate access. We
observe distinct exceptions from such end-
binding behavior forOCT4 in particular, where
narrow regions of pronounced binding are
juxtaposed to nonengaged regions. To corre-
late these accessibility profiles to the structure,
we computationally translated isolated OCT4
POUS or POUHD domains along the DNA of
the unbound nucleosome and calculated pre-
dicted atomic clash scores at each position (fig.
S16). A comparison of OCT4 SeEN-seq data to
the POU domain nucleosome-clash scores
revealed that the solvent accessibility of the
POUS—but not of the POUHD—correlates with
OCT4 binding (fig. S16, A and B). The solvent
accessibility for OCT4 POUS is also a good pre-
dictor for OCT4-SOX2 engagement (fig. S16, C
and D). The presence of SOX2 enables tight
OCT4-SOX2 binding at the nucleosome ends
but has a limited effect onmore-internal sites
(Fig. 1). At nucleosome ends, SOX2 can also
drive binding at motifs where the OCT4 POUS
is inward-facing and OCT4 alone does not
bind (fig. S2H). Our structural and functional
findings are consistent with a model where
cooperative binding between OCT4 and SOX2
not only strengthens DNA binding affinity but
also triggers additional DNA distortions that
must be accommodated. These distortions are
better tolerated at the entry-exit sites, where
nucleosomal DNA ismore loosely bound (38).
Whereas partial motifs delimit the TF footprint
andDNAunwrapping, the available structures
(13) show that protein domains bound to nu-
cleosomal DNA retain their free DNA–binding
mode (Figs. 2 and 4). TF-induced DNA distor-
tions intrinsically destabilize the nucleosome
(10), which likely facilitates the binding of
additional factors and disrupts the internu-
cleosomal interactions of higher-order chro-
matin (15, 39) (fig. S17).
The OCT4-SOX2 structures and the accom-

panying in vitro and in vivo evidence provide a
framework bywhich TFs use nucleosomalDNA
distortion and not histone rearrangement to
access parts of their motif. The degree of DNA
distortion imposed on thenucleosomearchitec-
ture depends on the position of the motif. Our
structures suggest principal recognitionmech-
anisms for nucleosome-incompatible TFs as
well as for those TFs accommodated on the nu-
cleosomewithoutDNA release, illustrating how
TFs can read out chromatinized binding sites.
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Structural mechanism of cGAS inhibition by 
the nucleosome

Ganesh R. Pathare1,2,5, Alexiane Decout3,5, Selene Glück3, Simone Cavadini1,2,  
Kristina Makasheva4, Ruud Hovius4, Georg Kempf1,2, Joscha Weiss1,2, Zuzanna Kozicka1,2, 
Baptiste Guey3, Pauline Melenec3, Beat Fierz4, Nicolas H. Thomä1,2 ✉ & Andrea Ablasser3 ✉

The DNA sensor cyclic GMP–AMP synthase (cGAS) initiates innate immune responses 
following microbial infection, cellular stress and cancer1. Upon activation by 
double-stranded DNA, cytosolic cGAS produces 2′3′ cGMP–AMP, which triggers the 
induction of inflammatory cytokines and type I interferons 2–7. cGAS is also present 
inside the cell nucleus, which is replete with genomic DNA8, where chromatin has been 
implicated in restricting its enzymatic activity9. However, the structural basis 
for inhibition of cGAS by chromatin remains unknown. Here we present the 
cryo-electron microscopy structure of human cGAS bound to nucleosomes. cGAS 
makes extensive contacts with both the acidic patch of the histone H2A–H2B 
heterodimer and nucleosomal DNA. The structural and complementary biochemical 
analysis also find cGAS engaged to a second nucleosome in trans. Mechanistically, 
binding of the nucleosome locks cGAS into a monomeric state, in which steric 
hindrance suppresses spurious activation by genomic DNA. We find that mutations to 
the cGAS–acidic patch interface are sufficient to abolish the inhibitory effect of 
nucleosomes in vitro and to unleash the activity of cGAS on genomic DNA in living 
cells. Our work uncovers the structural basis of the interaction between cGAS and 
chromatin and details a mechanism that permits self–non-self discrimination of 
genomic DNA by cGAS.

In the cytoplasm of mammalian cells, the enzyme cGAS is crucial for 
the detection of double-stranded DNA (dsDNA) during infection2. On 
binding dsDNA, cGAS synthesizes the second messenger 2′3′ cyclic  
GMP–AMP (cGAMP), which in turn stimulates antiviral and 
pro-inflammatory responses through the adaptor protein stimulator 
of interferon genes (STING)2–7,10. In addition, the nucleus contains a 
pool of cGAS that associates strongly with chromatin (Extended 
Data Fig. 1a)8,9,11. The chromatinized state of intact genomic DNA has 
been reported to limit cGAS activity12,13, and cGAS has been found 
to bind more tightly to nucleosomes than to the corresponding  
naked DNA duplexes13. Here we sought a mechanism that explains how 
cGAS can be juxtaposed to nucleosomal DNA without undergoing 
activation.

A minimal inhibitory histone unit for cGAS
We tested whether histones, the building blocks of nucleosomes, 
may regulate cGAS inside the nucleus. Treatment of cells with acla-
rubicin robustly evicts core histones from chromatin14; in particular, 
histones H2A and H2B (Extended Data Fig. 1b). Notably, disruption of 
nucleosomes by aclarubicin also led to mobilization of nuclear cGAS 
(Extended Data Fig. 1b). Proximity-ligation assays (PLAs) further indi-
cated prominent association of cGAS with histones in situ, which was 

partially lost upon aclarubicin treatment (Extended Data Fig. 1c, d). 
Thus, histones appear to dynamically engage cGAS in the nucleus.

Consistent with previous work13, functional analysis of the in vitro 
enzymatic activity of cGAS revealed that mononucleosomes (hereafter 
nucleosomes) inhibited DNA-induced cGAMP synthesis (Extended 
Data Fig. 1e). Likewise, compact chromatin fibres (12-mer nucleosome 
arrays) suppressed cGAS activity (Extended Data Fig. 1e). H2A–H2B 
dimers also had an inhibitory effect, but neither H2A or H2B mono-
mers nor H3 or H4 monomers did (Extended Data Fig. 1f, g). Thus, 
H2A–H2B dimers on their own can suppress cGAS, albeit with weaker 
overall potency than fully assembled nucleosomes (Extended Data 
Fig. 1h). Additional features of chromatin are therefore necessary to 
exert maximal inhibition.

Overall structure of the cGAS–NCP complex
To determine how cGAS interacts with nucleosomes, we pursued struc-
tural studies. A 1.5:1 molar mixture of human cGAS (residues 155–522) 
with a 147-bp 601 DNA nucleosome core particle (NCP) resulted 
in heterogenous particle distribution (Extended Data Fig. 2a–d).  
To select for and stabilize more homogenous cGAS–NCP complexes, 
we combined gradient centrifugation with chemical crosslinking  
(GraFix)15. Both wild-type (WT) cGAS and cGAS K394E, a mutant 
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impaired in dsDNA-mediated cGAS dimerization16, were used for struc-
ture determination. For the cGAS K394E mutant, we obtained a 4.1 Å 
reconstruction that revealed two NCPs organized in an NCP1–cGAS1–
cGAS2–NCP2 sandwich arrangement with an expected molecular 

weight of around 560 kDa, consistent with the most prominent peak 
fraction in multi-angle light scattering under non-crosslinked condi-
tions (Fig. 1a, b, Extended Data Fig. 3, Extended Data Table 1a, Sup-
plementary Videos 1, 2). The two individual nucleosomes are held 

H2B H3 H4

cGAS
N-lobe

cGAS
C-lobe

H2A

Zn

a

90°

90°

b c

cGAS1

cGAS2

NCP2

NCP1

cGAS1

cGAS2

H2B
H3
H4

H2A

H2A
H2B

H3
H4

NCP1
NCP2

1 522155

hcGAS N terminal Nucleosome-binding site

Canonical dsDNA sensingα1α2 α4 α5 α7 α8 α9 α11β1 β4β2 β9 β11

Zn ribbond

N-lobe C-lobe330

Fig. 1 | Cryo-electron microscopy structure of cGAS bound to nucleosomes. 
a, 3D reconstruction of the complex containing two cGAS protomers, cGAS1 
(red) and cGAS2 (orange), and two nucleosomal core particles, NCP1 and NCP2, 
respectively. b, c, Ribbon diagrams of the NCP1–cGAS1–cGAS2–NCP2  
complex (b) and the cGAS1–NCP1 complex (c) fit into corresponding 
electron-density maps. The two lobes of cGAS, N-lobe and C-lobe, are  

shown in pink and red, respectively. d, Schematic domain architecture for 
human cGAS (hcGAS) as previously defined23. Residue numbers are shown  
and the dotted line indicates the construct used for structural analysis. The 
dsDNA-sensing regions that are involved in cGAS activation are underlined in 
purple, and the nucleosome-binding regions that are involved in cGAS 
inhibition are marked by blue dashed boxes.

A-site

H2B H3 H4

cGAS
N-lobe

H2A

a

f g

cGAS1′

cGAS
N-lobe

cGAS
C-lobe

90°

dsDNA2

B-site

cGAS1

cGAS1′

cGAS0

cGAS0′

cGAS2

cGAS2′

dsDNA1dsDNA1

dsDNA1dsDNA1
cGAS1

cGAS1′

cGAS1

cGAS1′

h

NucleosomeNucleosome

 cGAS–DNA interactions

K347K347
K350K350

cGAS-α5cGAS-α5

NCP1
DNA

NCP1
DNA

cGAS
C-lobe

cGAS C-lobecGAS C-lobe

ZnZn

b c
WT

NCP

Minimal active cGAS dimer

d e

Zn dsDNA1dsDNA1

R255R255
R236R236

S328S328

D91 E62E62E62
N69N69

H2AH2A

E65E65

D73D73
N69E65

D73

D91

K327K327

cGAS–H2A–H2B interactions

cGAS N-lobe

Loop 1Loop 2 Loop 3

cGAS1

0

0.5

1.0

1.5

Chromatin

WT R255A R236A

**
* *

Relative cGAMP
NCP

WT R255A R236A

NCP 0

0.5

1.0

1.5

Chromatin

Relative cGAMP

NCP

C
om

p
lexes

C
o

m
p

lexes

WT K350A/
L354A
*

K350A/
L354A

500

1,200

10,000

bp

500

1,200

10,000

bp

– – – – +– +

Fig. 2 | The cGAS1–NCP1 complex and structural mechanism of inhibition.  
a, Magnified view of the cGAS1(K394E)–NCP1 complex bipartite interactions, 
cGAS–histone interactions (left) and cGAS–nucleosomal DNA interactions (right). 
b, EMSA gel showing the interaction of nucleosomes (40 ng μl−1) with a 
concentration gradient of WT, R255A cGAS and R236A cGAS (from 50 to 6 ng μl−1; 
1:2 step dilutions); the black arrowheads indicate higher-order cGAS–NCP 
complexes. c, In vitro cGAMP synthesis of WT cGAS, R255A cGAS and R236A cGAS 
with or without a concentration gradient of chromatin (from 5 to 0.3125 nM; 1:2 
step dilutions) normalized by cGAMP levels in the absence of chromatin for each 
individual mutant. d, EMSA gel showing the interaction of nucleosomes (40 ng μl−1) 
with increasing concentrations of WT or K350A/L354A cGAS (from 100 to 12 ng μl−1; 
1:2 step dilution). e, In vitro cGAMP synthesis of WT and K350A/L354A hcGAS with 
or without chromatin (5 nM) normalized by cGAMP levels in the absence of 

chromatin for each individual mutant. Data are representative for three 
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Data Bank (PDB) ID: 4LEY). g, Superposition of the hcGAS–dsDNA (f) and cGAS1–
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Fig. 1.
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together by two cGAS protomers. While the first cGAS protomer and 
its corresponding NCP (designated cGAS1 and NCP1) are well resolved, 
the second nucleosome–cGAS pair (NCP2 and cGAS2) is less ordered 
(Extended Data Fig. 3e). In the dimeric NCP1–cGAS1–cGAS2–NCP2 
arrangement, each cGAS protomer interacts with the histone octamer 
of one NCP through histones H2A and H2B and the nucleosomal DNA 
(for example, cGAS1 and NCP1), while contacting the second nucleo-
some (for example, cGAS1 and NCP2) primarily through interactions 
with the nucleosomal DNA (Fig. 1a, b). In the WT cGAS structure, we 
observed a similar overall structural arrangement, with the NCP1–
cGAS1–cGAS2–NCP2 complex at 5.1 Å and a NCP1–cGAS1 structure at 
4.7 Å resolution following focused 3D classification (Extended Data 
Figs. 4, 5, Extended Data Table 1). Given the structural similarity, the 
higher-resolution cGAS K394E mutant was used for subsequent analysis 
(Extended Data Figs. 3, 6).

Structural insights into the cGAS1–NCP1 complex
For the cGAS K394E mutant, focused 3D classification of cGAS1–
NCP1 yielded a structure at a resolution of 3.1 Å (Fig. 1c, Extended 
Data Fig. 3c, f, Extended Data Table 1a). This revealed the binding 
interface between cGAS and the nucleosome, which is in large parts 
contributed by three contact surfaces on cGAS that interact with the 
acidic patch of H2A–H2B—a common site involved in protein–nucleo-
some assemblies17 (Fig. 2a, Extended Data Fig. 6a–d, Supplementary 
Video 3): (1) loop 1 (residues 234–237), a canonical acidic patch con-
tact involving R236 of cGAS forming a salt bridge to E62 and E65 of 
H2A (Fig. 2a, Extended Data Fig. 6b); (2) loop 2 (residues 255–258), 
a proximal cGAS loop that connects β4 and α4, with R255 forming a 
salt bridge to H2A residues D91, E93 and E62 (Fig. 2a, Extended Data 
Fig. 6c); and (3) loop 3 (residues 328–330), which together with the 
C-terminal end of cGAS helix α5 (residues 354–356) forms multiple 
interactions with H2A helix α3 (residues 64–71) (Fig. 2a, Extended 
Data Fig. 6d). In addition to these protein–protein interactions, the 
cGAS1 C-lobe also forms localized DNA backbone contacts with 
NCP1, engaging the nucleosomal DNA around super-helical loca-
tion 6 (SHL6) through residues K347 and K35018 (Fig. 2a (right panel), 
Extended Data Fig. 6e, f).

To investigate the functional importance of the observed interfaces 
between cGAS and NCP1, we performed site-directed mutagenesis and 
carried out electromobility shift assays (EMSAs). Mutations of cGAS 
residues that engage the nucleosomal acidic patch (R255A and R236A) 
completely abrogated nucleosome binding (Fig. 2b). In in vitro enzy-
matic activity, we found that both cGAS R255A and cGAS R236A were 
no longer inhibited by chromatin (Fig. 2c). To corroborate the relevance 
of the acidic patch interaction for cGAS inhibition, we made use of a 
peptide derived from latency-associated nuclear antigen (LANA), a 
well-known acidic patch binder19. In the presence of the LANA pep-
tide, but not a corresponding mutant peptide, cGAS was competed off 
from the nucleosome and regained in vitro DNA-induced activity in the  
presence of chromatin, as judged by robust cGAMP synthesis (Extended 
Data Fig. 7a, b). Of note, cGAS residues K350 and L354, which contact 
the nucleosomal DNA of NCP1 (Extended Data Fig. 6f, i), also had sig-
nificant effects on nucleosome binding and inhibition when mutated 
(Fig. 2d, e, Extended Data Fig. 6f, i). Thus, cGAS is anchored to chromatin 
through a bipartite interface on nucleosomes composed of the acidic 
patch and nucleosomal DNA contacts, respectively.

Mechanism of cGAS inhibition by NCP1
In canonical binding of dsDNA, two separate surfaces on cGAS, des-
ignated A-site and B-site, interact with two individual strands of DNA 
to promote the assembly of a 2:2 cGAS–DNA complex—the minimal 
active enzymatic unit20–23 (Fig. 2f). Moreover, a third DNA-binding site, 
designated C-site, has been proposed to facilitate cGAS oligomerization 

in liquid-phase condensation24. In the NCP-bound configuration, the 
cGAS A-site, including the zinc thumb, faces the histone octamer disc. 
Nucleosomal DNA interactions are further enforced by residues that 
are essential for cGAS dimerization (for example, K394) (Extended 
Data Fig. 4c, d), although the K394-containing loop and the zinc-finger 
motif play only a minor role in nucleosome binding (Extended Data 
Figs. 4c, d, 7f, g). The key cGAS–NCP interaction originates from the 
B-site (for example, R236, K254, R255 and S328), which also contributes 
to nucleosomal DNA binding (for example, K347 and L354). The cGAS 
active site in our structure points away from NCP1, towards the solvent 
and NCP2, and is principally accessible (Fig. 2).

Nucleosome binding hence confers cGAS inactivation in three 
essential ways (Fig. 2g, h, Supplementary Video 4): first, owing to steric 
clashes with both the nucleosomal DNA and histones H2A and H2B, 
cGAS cannot engage dsDNA at the interface between lobe 1 and lobe 
2; second, key residues on cGAS that are required for DNA binding and 
dimerization are tied up in interactions with the nucleosome and, thus, 
are not available for canonical dsDNA binding and activation (Extended 
Data Fig. 4c, d); and third, both histones and nucleosomal DNA sterically 
prevent dimerization of cGAS, an essential prerequisite for enzymatic 
activity16,21,22. Importantly, the steric restrictions imparted by H2A–H2B 
are sufficiently pronounced to explain the inability of cGAS to undergo 
dsDNA-dependent activation in the presence of this histone dimer. 
The structure thereby provides the mechanism of cGAS inhibition by 
H2A–H2B, while identifying additional contacts and inhibitory princi-
ples that are specific to cGAS inhibition by the nucleosome (Extended 
Data Fig. 6g–i).

We next dissected the contributions of nucleosomal DNA as opposed 
to linker DNA to cGAS binding and activation. Fluorescence polarization 
assays revealed that cGAS binds more tightly to nucleosomes with long 
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overhangs than to those without or with only short overhangs, probably 
owing to the presence of additional DNA-binding sites (Extended Data 
Fig. 7d, e). We then assessed the catalytic activity of cGAS (WT) and the 
cGAS acidic patch mutants, R236A and R255A, on nucleosomes with 
and without a 80-bp dsDNA overhang. Whereas WT cGAS and cGAS 
mutants robustly synthesized cGAMP on naked dsDNA, they remained 
inactive in the presence of nucleosomes that lacked a DNA overhang 
(Extended Data Fig. 7c). Thus, nucleosomal DNA is not a good substrate 
for cGAS activation. Nucleosomes carrying 80-bp long linker DNA still  
failed to activate WT cGAS, but elicited activation of both cGAS R236A 
and cGAS R255A (Extended Data Fig. 7c). Thus, in vitro WT cGAS prefer-
entially binds to the NCP over linker DNA, limiting its enzymatic activity.

In trans interaction between cGAS and NCP2
The cGAS1 protomer also binds to a second nucleosome (for exam-
ple, cGAS1 and NCP2) predominantly through protein–DNA contacts 
with the nucleosomal DNA at SHL3. The two NCPs are held about 20 Å 
apart, with the DNA entry or exit sites of the two nucleosomes pointing 
roughly 90º  away (Fig. 3a). The interaction with the second nucleo-
some is mediated by phosphate backbone contacts involving con-
served cGAS1 residues K285 and K299–R302 (Fig. 3b). Compared to 

the protein–DNA contacts, fewer and less well-ordered cGAS1–NCP2 
protein–protein interactions were observed between a β-hairpin loop 
(cGAS residues 365–369) extending towards the C-terminal tail of H2B, 
as well as inter-nucleosomal contacts between two N-terminal tails of 
histone H4 (Extended Data Fig. 8a, b). The in trans nucleosome inter-
action interface on cGAS is largely provided by the C-site24 (Extended 
Data Fig. 8c–f), which supports higher-order cGAS–NCP assemblies 
in this structure.

To validate the observed in trans cGAS1–NCP2 interface, we 
performed EMSAs. We found that the combined mutation of the 
NCP2-interacting motifs on cGAS (K285, R300 and K427) still allowed 
cGAS to interact with nucleosomes, as indicated by a prominent EMSA 
gel shift that probably reflects a 1:1 cGAS1–NCP1 complex (Fig. 3c). 
However, all higher-order cGAS–NCP assemblies readily detected with 
WT cGAS were lost when the secondary nucleosome-binding site was 
mutated. Consistent with the preserved ability to bind to nucleosomes 
in vitro, mutations to cGAS in the trans interface (K285A/R300A/K427A) 
had no detectable effect on cGAS intranuclear tethering in reconsti-
tuted HeLa cGAS knockout (KO) cells (Extended Data Fig. 8g). Hence, 
while the bipartite cGAS1–NCP1 interface forms the primary anchoring 
motif between cGAS and the nucleosome, the secondary cGAS1–NCP2 
interface contributes to the formation of higher-order complexes.
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Fig. 4 | Effect of structure-based mutations on 
cellular cGAS activity. a, b, Electrostatic surface 
representation of the NCP disc surface alone (a) or with 
cGAS (pink ribbon) (b)31. The electrostatic potential is 
shown from red (−7) to blue (+7) k T/e. c, A magnified 
view of contacts between cGAS and the acidic patch of 
the nucleosome. d, Differential nuclear salt 
fractionation probed for cGAS and H2B by 
immunoblot from HeLa cGAS KO cells reconstituted 
with doxycycline-inducible WT cGAS or cGAS mutants 
after 2 days of doxycycline treatment. The 
experiments in d were independently repeated at least 
three times with similar results. e, HeLa cGAS KO cells 
were transfected with WT cGAS–GFP or mutant cGAS–
GFP and the immobile fraction of nuclear-localized 
cGAS was assessed by FRAP. Data are mean ± s.d. of 
n = 3 (left) and n = 4 (right) independent experiments. 
One-way ANOVA with post-hoc Dunnett multiple 
comparison test (left) or two-tailed Student’s t-test 
(right). f, cGAMP production from HeLa cGAS KO cells 
reconstituted with doxycycline-inducible WT cGAS or 
cGAS mutants after 2 days of doxycycline treatment. 
Data are mean ± s.d. of n = 4 (left) and n = 5 (right) 
independent experiments. One-way ANOVA with 
post-hoc Dunnett multiple comparison test (left) or 
two-tailed Student’s t-test (right). g, HeLa cGAS KO 
cells reconstituted with doxycycline (Dox)-inducible 
WT cGAS or cGAS mutants and treated with 
doxycycline for 24 h were co-cultured with BJ 
fibroblasts for 24 h. Cells were lysed and mRNA levels 
of IFI44 (left) and IFIT2 (right) were assessed as 
indicated. Data are presented as fold induction relative 
to cells without doxycycline and shown are the mean 
± s.d. of n = 4 independent experiments. Two-way 
ANOVA with post-hoc Tukey multiple comparison test; 
NS, not significant. Individual data points are from 
biological replicates. For gel source data, see 
Supplementary Fig. 1.
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Effect of structure-based mutations on cellular activity
To determine the functional relationship between nucleosome bind-
ing and cGAS inhibition in cells, we focused on motifs on cGAS that 
interact with the acidic patch (R255A and R236A) (Fig. 4a–c) and with 
the nucleosomal DNA in cis (that is, NCP1–cGAS1; K350A and L354A), 
the two key in vitro interfaces for cGAS–nucleosome binding (Fig. 2a). 
Consistent with our in vitro assays and extending recent work9, the 
cGAS mutants R236A and R255A as well as K350A/L354A were strongly 
defective in nuclear tethering when expressed in HeLa cGAS KO cells 
(Fig. 4d). Using fluorescence recovery after photobleaching (FRAP), we 
detected differences between the mutants in their degree of intranu-
clear mobility, with cGAS R255A showing the highest, R236A intermedi-
ate and K350A/L354A the lowest mobility relative to WT cGAS (Fig. 4e, 
Extended Data Fig. 9a). Notably, the degree of dissociation correlated 
well with cellular cGAS responses, with R255A expression triggering 
the highest cGAMP levels, followed by R236A, and cGAS K350/L354A 
showing negligible activity (Fig. 4f).

We next examined whether the expression of the two most strik-
ing cGAS mutants, R236A and R255A, stimulates a type I interferon 
response. Activation of cGAS not only promotes conventional, 
cell-autonomous signalling but also elicits cellular activation in trans 
through the transfer of cGAMP25. We found that cGAS mutants triggered 
only modest upregulation of interferon-stimulated genes when induced 
in a synchronized manner in mono-cultures of HeLa cells (Extended 
Data Fig. 9b). This effect may be due to negative-feedback regulation 
at the level of STING26,27, resulting in non-responsiveness towards intra-
cellular cGAMP accumulation over time (Extended Data Fig. 9c, d). By 
contrast, in co-culture with human BJ fibroblasts, which serve as naive 
acceptor cells, the expression of cGAS mutants in HeLa cells induced 
strong upregulation of interferon-stimulated genes and WT cGAS had 
no such effect (Fig. 4g). Collectively these findings suggest that disrupt-
ing the interaction of cGAS with the acidic patch of nucleosomes is in 
itself sufficient to trigger innate immune activation.

Discussion
We provide the structural basis for cGAS inhibition by nucleosomes: a 
bipartite interface involving contacts to both the acidic patch of H2A–
H2B dimers and the nucleosomal DNA that ‘traps’ cGAS in an inactive 
state, in which cGAS can neither engage dsDNA in a manner required for 
canonical dsDNA sensing nor undergo the dimerization/oligomeriza-
tion reaction that is required for its catalytic activity.

On the basis of our work, we propose that cGAS uses a ‘missing-self’ 
recognition strategy to reliably discriminate between self and non-self 
DNA: instead of focusing on pathogen-specific features that promote 
activation as is the case for many pattern recognition receptors28, 
cGAS exploits the suppressive activity of nucleosomes, leveraging 
essentially ‘inbuilt identifiers’ of eukaryotic genomes, to avert aberrant 
activity. The motifs responsible for cGAS interactions with the nucleo-
some are well conserved within cGAS homologues that utilize DNA for 
the regulation of their catalytic activity (Extended Data Fig. 9e). We 
propose that the inhibitory interaction of cGAS with nucleosomes is 
a key element of a multi-layered regulation strategy that allows cGAS 
to reside in the nucleus without undergoing persistent activation29,30.
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Methods

Cell culture and generation of modified cell lines
Cells were maintained in DMEM (Life Technologies) containing 
10% (v/v) FCS, 1% (v/v) penicillin (10,000 IU)/streptomycin (10 mg)  
(BioConcept), 4.5 g/l d-glucose and 2 mM l-glutamine. HeLa cells 
are from Sigma (93021013-1VL) and grown under 5% CO2 and 20% O2. 
Foreskin fibroblasts (BJ-5ta) were purchased from the American Type 
Culture Collection (ATCC; CRL-4001) and cultured at 5% O2. cGAS KO 
HeLa cells were generated according to the CRISPR–Cas9 technol-
ogy as described previously32. The single guide RNA sequences ((5′-3′)  
forward: CAC CGA GAC TCG GTG GGA TCC ATC G; (5′-3′) reverse: AAA 
CCG ATG GAT CCC ACC GAG TCT C) were cloned into the plasmid 
pSpCas9(BB)-2A-GFP (PX458) (52961, AddGene). Plasmid (1 μg) was 
transfected into HeLa cells with Lipofectamine 2000 (Life Technolo-
gies). Single cells were plated into wells of a 96-MW plate. Single cells 
were selected for GFP expression and expanded to get clones, which 
were tested for the KO phenotype by sequencing and immunoblotting. 
Clones without cGAS were functionally validated. Lentiviral vectors 
were produced as described previously and HEK 293T cells used for 
this purpose were a kind gift from Dr. D. Trono, EPFL33. In brief, HEK 
293T cells were transfected with pCMVDR8.74, pMD2.G plasmids and 
the puromycin-selectable lentiviral vector pTRIPZ containing the open 
reading frame of the protein of interest by the calcium phosphate pre-
cipitation method. The supernatant containing lentiviral particles was 
harvested at 48 h and 72 h, pooled and concentrated by ultracentrifuga-
tion. All cell lines used were checked for mycoplasma contamination 
by PCR on a regular base and no contamination was found.

Mutagenesis PCR
Point mutants of human cGAS (amino acids 155–522) were generated 
by site-directed PCR mutagenesis based on the QuickChange Primer 
Design method (Agilent) using PrimeSTAR Max DNA Polymerase 
(Takara) and suitable primers. Each mutated gene was cloned into a 
pTRIPZ vector for lentivirus production, a pET28 vector for expres-
sion of a C-terminal 6 × His-Halo fusion protein in Escherichia coli and 
a pIRESneo3 vector for fluorescence recovery after photobleaching 
(FRAP) experiments.

Fractionation of cellular nuclei
BJ-5ta fibroblasts (n = 800,000) were seeded into 10-cm culture dishes. 
After 2 days, cells were treated with doxorubicin (D1515, Sigma) or 
aclarubicin (FBM-10-1099, Focus Biomolecules) as indicated, and dif-
ferential salt fractionations were obtained as follows: cells were lysed in 
a lysis buffer containing 10 mM HEPES (pH 7.4), 10 mM KCl, 0.5% NP-40 
with protease inhibitors (cOmplete, Mini, EDTA-free Protease Inhibitor 
Cocktail; 11836170001, Sigma). Lysates were cleared by centrifugation 
and supernatant A was recovered. Pellet was resuspended in a lysis 
buffer containing 20 mM HEPES (pH 7.4) and 0.25 M NaCl. Superna-
tant B was recovered after centrifugation. The same procedure was 
repeated as described above with lysis buffers containing increasing 
NaCl concentrations (0.5 M, 0.75 M and 1 M NaCl).

PLA
The Duolink In Situ Detection Reagents Red Kit (DUO94001, DUO92002 
and DUO 92004, Sigma) was used for the proximity ligation using the 
following antibodies: histone H2B (1:150; ab52484, Abcam), histone 
H4 (1:150; ab31830, Abcam) and cGAS (1:150; D1D3G; 15102, Cell Signal-
ing). Cells were seeded onto coverslips (12 mm, Roth) at 40,000 cells 
per coverslip, fixed with 100% (v/v) methanol for 3 min and blocked 
with 5% BSA in PBS for 1 h at room temperature. Cells were incubated 
with the primary antibody in PBS containing 5% (w/v) BSA for 16 h at 
4 °C in a humid chamber. After washing with 1× Buffer A (Sigma), cells 
were processed for the PLA. Briefly, cells were incubated in anti-mouse 
IgG Duolink In Situ PLA Probe MINUS (1:5; Sigma) and anti-rabbit IgG 

Duolink In Situ PLA Probe PLUS (1:5; Sigma) for 1 h at 37 °C. Thereafter, 
cells were washed with Buffer A and incubated in 1× Duolink ligation 
buffer containing DNA ligase (1:40; Sigma) for 30 min at 37 °C. After 
incubation, cells were washed in Buffer A and incubated in 1× amplifi-
cation buffer (Sigma) with DNA polymerase (1:80; Sigma) for 100 min 
at 37 °C. Cells were washed in Buffer A and incubated for 30 min at 
37 °C in 1× Detection Solution Red (Sigma). Cells were then washed in 
Buffer B (Sigma). Cells were mounted with the medium Duolink In Situ 
Mounting Medium with DAPI (Sigma). Images were acquired using a 
×63/1.4 oil objective on a confocal laser scanning microscope (LSM700, 
Zeiss). Confocal imaging was performed with Z-sections for at least 10 
randomly chosen fields. Maximum intensity projection was applied 
on the images. The number of PLA-positive signal per cell within the 
DAPI-positive area was counted using the Cell Counter plugin in Fiji.

cGAMP measurement
HeLa cells reconstituted with WT cGAS or cGAS mutants were plated 
(0.075 × 106 cells/ml) in the presence of doxycycline (0.1–1 μg/ml) for 
2 days. Cells were harvested by trypsinization (trypsin-EDTA (0.05%), 
Life Technologies) for 5 min. Cell pellets were lysed in RIPA lysis buffer 
containing 50 mM Tris, 150 mM NaCl, 1% (w/v) sodium deoxycholate, 
0.03% (v/v) SDS, 0.005% (v/v) Triton X-100, 5 mM EDTA, 2 mM sodium 
orthovanadate and cOmplete Protease Inhibitor Cocktail (Roche) (pel-
let from one well of a six-well plate in 130 μl of RIPA) for 30 min on ice. 
Lysed cells were centrifuged for 5 min at 18,200 g and 4 °C. Diluted 
supernatants were used for cGAMP ELISA assay (Cayman 2′-3′-cGAMP 
ELISA kit, 501700) according to the manufacturer’s instructions. Pro-
tein concentration in the supernatant was measured using BCA Pierce 
Protein assay kit and was used to normalize cGAMP concentration.

Immunoblotting
Protein extracts were loaded into 10% or 15% SDS-polyacrylamide gels. 
cGAS was blotted onto nitrocellulose membrane (0.45 μm, Bio-Rad) 
and histones were transferred on polyvinylidene difluoride membrane  
(0.2 μm, Bio-Rad). The primary antibody was incubated in 5% BSA diluted 
in PBS 1× overnight at 4 °C. The secondary antibodies anti-mouse or 
anti-rabbit horseradish peroxidase (HRP)-conjugated antibodies were 
incubated for 1 h at room temperature. Proteins were visualized with 
the enhanced chemiluminescence substrate ECL (Pierce, Thermo Scien-
tific) and imaged using the ChemiDox XRS Bio-Rad Imager. The follow-
ing antibodies were used in this study: histone H2B (1:1,000; ab52484, 
Abcam), histone H2A (1:1,000; ab18255, Abcam), histone H4 (1:1,000; 
ab31830, Abcam); cGAS (1:1,000, D1D3G; 15102, Cell Signaling), his-
tone H3 (1:1,000; 9715, Cell Signaling), STING (1:1,000; D2P2F, Cell 
Signaling), lamin A/C (1:1,000; SAB4200236, Sigma), GAPDH (1:1,000; 
AM4300, Life Technologies), donkey anti-rabbit HRP (1:5,000; 711-036-
152, Jackson ImmunoResearch) and donkey anti-mouse HRP (1:5,000; 
715-036-151, Jackson ImmunoResearch).

Confocal imaging of endogenous cGAS and H2B
Cells (n = 40,000) were seeded on coverslips (12 mm, Roth). At 48 h 
after seeding, cells were fixed with 100% (v/v) methanol for 3 min and 
blocked with PBS containing 5% (w/v) BSA for 1 h at room tempera-
ture. Cells were incubated with the primary antibodies (1:150; rabbit 
anti-cGAS (15102S, CST) and mouse anti-H2B (1:150; ab52484, Abcam)) 
in PBS containing 5% (w/v) BSA for 16 h at 4 °C in a humid chamber. 
Afterwards, coverslips were washed with PBS three times and then 
incubated in PBS containing 5 μg/ml of DAPI and the secondary anti-
bodies (1:1,000; goat anti-rabbit IgG (H+L) Alexa Fluor 488 conjugate 
(A11008, Thermo) and donkey anti-mouse IgG (H+L) Alexa Fluor 568 
conjugate (A10037, Thermo)). At 1 h post-incubation, coverslips were 
washed three times with PBS 1× and mounted on microscope slides 
(15545650, Thermo) using Fluoromount-G (0100-01, SouthernBio-
tech). Images were acquired using a ×63/1.40 HC Plan-Apochromat oil 
immersion objective on a SP8-STED 3× confocal microscope (Leica). 
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cGAS labelled with Alexa Fluor 488 was imaged with an excitation laser 
of 488 nm and an emission window of 492–532 nm, detected with a 
hybrid detector. Nuclei counterstained with DAPI were imaged with 
an excitation laser of 405 nm and an emission window of 410–480 nm, 
detected by a photomultiplier detector. H2B was labelled with Alexa 
Fluor 568 and imaged with an excitation laser of 561 nm and an emission 
window of 560–620 nm, detected by a hybrid detector. Images were 
acquired with a voxel size of 0.0655 × 0.0655 × 1 μm3.

FRAP
HeLa cGAS KO cells were plated on 35-mm glass bottom culture dishes 
(part number P35G-1.5-14-C, MatTek Corporation) at 5,000 cells per 
dish. On the next day, cells were transfected with plasmids encoding 
hcGAS-GFP WT or cGAS mutants (pIRESneo3 hs cGas GFP, pIRESneo3 hs 
cGAS K350A L354A GFP, pIRESneo3 hs cGAS R236A GFP and pIRESneo3 
hs cGAS R255A GFP) using Lipofectamin 2000 following the manufac-
turer’s instructions. After 24 h, cells were used for FRAP experiments, 
which were performed on a Zeiss LSM 710 confocal microscope at 37 °C 
with a W-Plan Apochromat ×63/1.0 objective. A circle with a diameter 
of 1.33 μm (10 pixels) within the hcGAS–GFP signal located inside the 
nucleus was partially photobleached with a 488-nm laser (100% power) 
with 20 iterations within 0.200 s. Time-lapse images were acquired over 
a 20-s time course after photobleaching with 0.200-s intervals with a 
laser power between 0.4% and 0.6%. Images were processed by Fiji and 
normalized on FRAP Analyser (software developed at the University 
of Luxembourg) using the single normalization + full-scale method. 
FRAP data were fitted to a binding + diffusion circular model using 
the FRAP Analyser. Immobile fraction extracted data were plotted in 
GraphPad Prism 8.

Fluorescence polarization
Flc-labelled 21-bp dsDNA oligonucleotide (5ʹ-Flc-GACCTTTGTT 
ATGCAACCTAA-3ʹ) was used as a fluorescent tracer. Increasing amounts 
of WT or K394E cGAS (0.3–2,500 nM) were mixed with tracer (10 nM 
final concentration) in a 384-well microplate (784076, Greiner) at room 
temperature. The interaction was measured in a buffer containing  
20 mM HEPES pH 7.4, 500 μM TCEP, 40 mM NaCl, 10 mM KCl and 0.1% 
(v/v) pluronic acid. PHERAstar FS microplate reader (BMG Labtech) 
equipped with a fluorescence polarization filter unit was used to deter-
mine the changes in fluorescence polarization. The polarization units 
were converted to fraction bound as described previously34. The fraction 
bound was plotted versus cGAS concentration and fitted assuming a 1:1 
binding model to determine the dissociation constant (Kd) using Prism 7 
(GraphPad). Since the oligonucleotide that was used contained a fluores-
cent label, we refer to these as apparent Kd (Kapp). All measurements were 
performed in triplicates. For the competitive titration assays, the cGAS 
bound to the fluorescent oligo tracer was back-titrated with unlabelled 
dsDNA (21, 147, 167 and 227 bp) or nucleosomes (146, 167 and 227 bp). 
These counter-titration experiments were carried out by mixing tracer 
(10 nM) and cGAS (300 nM), and titrating increasing concentration of the 
unlabelled competitor (0–2.5 μM). The fraction bound was plotted ver-
sus competitor concentration and the data were fitted with a non-linear 
regression curve to obtain the IC50 values in Prism 7 (GraphPad). At least 
two technical replicates were performed per experiment.

Cellular activation assays
HeLa cells reconstituted with WT cGAS or cGAS mutants were seeded 
(0.075 × 106 cells/ml) in six-well plates in the presence of doxycycline  
(1 μg/ml) for 16 h or 40 h. Stimulation with dsDNA (90 bp) was carried 
out as previously described33. Briefly, dsDNA (1.6 μg/ml) was trans-
fected using Lipofectamine 2000 (Life Technologies) and cells were 
harvested 4 h later. For co-culture studies, HeLa cells were treated 
with doxycycline as described above. After 24 h, cells were collected, 
washed, and 19,000 cells were mixed with human BJ fibroblasts  
(0.095 × 106 cells/ml) and incubated overnight.

Quantitative real-time PCR
Cells were lysed using RLT buffer (79216, Qiagen). RNA was extracted 
according to the manufacturer’s protocol (Qiagen RNeasy Mini kit) 
and treated with RNase-free DNase (EN0521, Thermo Scientific). RNA 
(500 ng) was reverse transcribed (RevertAid, EP0442, Thermo Fisher 
Scientific) and analysed by RT–quantitative PCR in duplicates or trip-
licates using the Maxima SYBR Green/ROX qPCR Master Mix (K0223, 
Thermo Fisher Scientific). The quantitative PCR reactions were run 
on a QuantStudio 5 Real-Time PCR system. GAPDH was used for nor-
malization. Primer sequences (5′–3′): GAPDH: forward GAGTCAACGG 
ATTTGGTCGT, reverse GACAAGCTTCCCGTTCTCAG; IFI44: forward 
GAT GTG AGC CTG TGA GGT CC, reverse CTT TAC AGG GTC CAG CTC 
CC; IFIT2: forward GCGTGAAGAAGGTGAAGAGG, reverse GCAGGTAGG 
CATTGTTTGGT; and CGAS: forward GCACGTGAAGATTTCTGCACC, 
reverse TGACTCAGAGGATTTTCTTTCGG. The sequence of the sense 
strand of the 90-mer DNA is as follows (5′–3′): TACAGAT CTACTAGTG 
ATCTATGACTGATCTGTACATGATCTACATACAGATCTACTAGTGATCTA 
TGACTGATCTGTACATGATCTACA.

Expression and purification of recombinant cGAS
Truncated human cGAS (155–522) WT or mutants were expressed 
and purified from E. coli strain BL21 (DE3). Plasmids expressing 
His6-Halo-tagged truncated human cGAS were induced with 2 mM IPTG 
at 18 °C for 20 h. Bacteria were collected by centrifugation and lysed by 
sonication in lysis buffer (20 mM HEPES pH 8.0, 300 mM NaCl, 20 mM  
imidazole, 1 mM DTT and protease inhibitor). After centrifugation, 
clear lysate was incubated with Ni-NTA beads (Qiagen), washed with 
lysis buffer and 20 mM HEPES pH 8.0, 1 M NaCl, 20 mM imidazole, 1 mM 
DTT and eluted with 20 mM HEPES pH 7.5, 500 mM NaCl and 250 mM  
imidazole. Eluted cGAS was subjected to size-exclusion chromatogra-
phy using a Superdex 200 16/60 column in 20 mM HEPES pH 7.5, 300 mM  
KCl and 1 mM DTT. The protein was flash frozen in liquid nitrogen and 
stored at −80 °C.

EMSAs
For the cGAS mutants, biotinylated nucleosomes (31583, Active motifs) 
were incubated with serial dilutions of recombinant cGAS at room 
temperature for 30 min in PBS in a sample volume of 10 μl. The bind-
ing reactions contained 40 μg ml−1 of nucleosomes and cGAS proteins 
ranged from 100 to 12 μg ml−1 with twofold increase. After the reaction, 
5 μl glycerol was added. Reactions were detected by electrophoresis on 
a 5% PAGE gel in 0.5× TBE buffer at 10 mA for 1 h 15 min. The gels were 
incubated for 15 min in SYBR Safe containing PBS and were scanned 
using the Typhoon FLA-9500 imager (GE Healthcare) and imaged 
using the ChemiDoc XRS Bio-Rad Imager and Image Lab 6.0.0 soft-
ware. For the EMSA using the LANA peptide, biotinylated nucleosomes  
(40 μg ml−1; 31583, Active motifs) were incubated with the LANA from 
0.6 mg ml−1 to 78 μg ml−1, twofold dilutions at room temperature for  
5 min in PBS for a sample volume of 4 μl. Recombinant cGAS WT  
(40 pmol) in 4 μl PBS was added and incubated for 30 min at room 
temperature. After the reaction, 5 μl glycerol was added. Reactions 
were detected by electrophoresis on a 5% PAGE gel in 0.5× TBE buffer 
at 10 mA for 1 h 15 min. The gels were incubated for 15 min in SYBR Safe 
containing PBS and were scanned using the ChemiDoc XRS Bio-Rad 
Imager and Image Lab 6.0.0 software (Bio-Rad).

cGAS in vitro competition assay
Human cGAS (50 nM) was mixed with recombinant histones and 
H2A–H2B dimer (5–0.3 uM) or nucleosomes (75–2 nM) or nucleosome 
fibres (6.5–0.1 nM) in 10 mM HEPES pH 8.0, 10 mM KCl and 1 mM MgCl2.  
0.1 mg ml−1 HT-DNA, 10 μCi [α-32P]ATP and 1 mM GTP were added  
and left to react for 12 h at 37 °C. Reaction solution (1 μl) was spotted 
onto TLC plates (HPTLC silica gel, 60 Å pores, F254; 1055480001, Merck 
Millipore), and the nucleotides were separated with 5 mM NH4Cl 17% 



EtOH as the mobile phase at 25 °C for 30 min. The plates were visual-
ized by autoradiography and scanned using the Typhoon FLA-9500 
Imager (ImageQuanTool, GE Healthcare). Images were processed using 
Image Lab 6.0.0 software (Bio-Rad) to quantify the intensity of the 
spots corresponding to cGAMP. After normalizing by cGAMP levels 
in the absence of chromatin for each individual mutant, the IC50 was 
calculated using GraphPad Prism.

Large-scale production of 601 DNA
Production of 601 DNA was performed as previously described35. 
Briefly, a plasmid carrying 32 copies of the Widom ‘601’ sequence, 
each flanked by EcoRV restriction sites, was purified from an 8L 2YT 
culture of transformed E. coli DH5α cells using alkaline lysis, followed by 
isopropanol precipitation, RNase A treatment of the suspended pellet 
and subsequent chromatography on Sepharose 6. After isopropanol 
precipitation, the 601 sequences were released from the plasmid by 
digestion with EcoRV (12 ml total volume containing 132 μl EcoRV for 
40 h). The 601 DNA fragment was isolated by PEG precipitation with 
14.5% PEG, and further purified by ethanol-acetate precipitation and 
subsequent chloroform-phenol extraction to yield 9.2 mg of 601 DNA.

Nucleosome preparation
Histones were prepared and octamers made as previously described36. 
Nucleosomes were reconstituted through overnight gradual dialysis 
from TEK2000 (10 mM Tris pH 7.5, 1 mM EDTA and 2 M KCl) into TEK10 
(10 mM Tris pH 7.5, 1 mM EDTA and 10mM KCl) with dialysis buttons 
using octamer:DNA ratios of 1.3, 1.4 and 1.5 each in 0.9 ml total volume 
containing 6.7 μM DNA. After recovering the material from the dialysis 
buttons, the nucleosomes were concentrated using Amicon centrifugal 
concentrators with a 30 kDa MWCO to yield a nucleosome concentra-
tion of 0.86 mg ml−1.

Cryo-electron microscopy sample preparation
601Widom sequence NCPs (147 bp) and purified human cGAS were 
mixed in a 1:1.5 molar ratio in gel filtration buffer (20 mM HEPES pH 7.4, 
300 mM KCl and 250 μM TCEP) and dialysed for 24 h against low-salt 
dialysis buffer (20 mM HEPES pH 7.4, 50 mM KCl and 250 μM TCEP). 
Thereafter, the dialysed complex was concentrated using an Amicon 
Ultra 0.5-ml centrifugal filter (Merck Millipore) and applied to a GraFix15 
gradient of 10–30% sucrose containing top solution (20 mM HEPES pH 
7.4, 50 mM KCl and 250 μM TCEP, 10% w/v sucrose) and bottom solution 
(20 mM HEPES pH 7.4, 50 mM KCl and 250 μM TCEP, 30% w/v sucrose 
and 1.5% glutaraldehyde). The gradient ultracentrifugation was carried 
out at 30,000 r.p.m. for 18 h at 0 °C using a AH-650 swinging-bucket 
rotor. Fractions (100 μl) were collected and analysed by both native 
PAGE and SDS–PAGE. Thereafter, the peak fractions were combined 
and dialysed overnight (20 mM HEPES pH 7.4, 50 mM KCl and 250 μM 
TCEP) to remove sucrose. The resulting complex sample was concen-
trated with an Amicon-Ultra 0.5-ml centrifugal filter to 1 mg ml−1 as 
determined by measuring protein concentration at Abs280. Quanti-
foil holey carbon grids (R 1.2/1.3 200-mesh, Quantifoil Micro Tools) 
were glow discharged with Solarus plasma cleaner (Gatan) for 30 s in a  
H2/O2 environment. Sample (3 μl) was applied to grids and blotted for 3 s 
at 4 °C and 100% humidity in a Vitrobot Mark IV (FEI), and immediately 
plunged into liquid ethane.

Cryo-electron microscopy data acquisition
First, for the cGAS (K394E)–NCP complex, two data sets were collected 
for GraFix-crosslinked samples using the Titan Krios electron micro-
scope (Thermo Fisher Scientific) at 300 keV, with zero energy loss (slit 
20 eV). Automatic data collection was done using EPU (Thermo Fisher 
Scientific) on a Cs-corrected (CEOS GmbH), with micrographs recorded 
using a Gatan K2 summit direct electron detector (Gatan). The acquisi-
tion was performed at a nominal magnification of ×130,000 in EFTEM 
nanoprobe mode, yielding a pixel size of 0.86 Å at the specimen level. All 

data sets were recorded with the 100-μm objective aperture and with a 
total dose of 45 e−/Å2, recording 40 frames. The targeted defocus values 
ranged from −0.5 to −2 μm. Similarly, few micrographs were recorded 
for the two non-crosslinked samples, the WT cGAS–NCP complex and 
the dimerization mutant (K394E) cGAS–NCP complex.

Second, for the cGAS(WT)–NCP complex, a dataset was collected 
for GraFix-crosslinked samples using the Glacios (Thermo Fisher Sci-
entific) electron microscope at 200 keV. Automatic data collection was 
done using EPU (Thermo Fisher Scientific) on a Cs-corrected (CEOS 
GmbH), with micrographs recorded using a Falcon 3EC Direct Electron 
Detector. The acquisition was performed at a nominal magnification 
of ×150,000 in EFTEM nanoprobe mode, yielding a pixel size of 0.68 
Å at the specimen level. All data sets were recorded with the 100 μm 
objective aperture and with a total dose of 35 e−/Å2, recording 40 frames. 
The targeted defocus values ranged from −0.5 to −2 μm.

Cryo-electron microscopy image processing
First, for the cGAS (K394E)–NCP complex, on-the-fly evaluation of the 
data was performed with CryoFLARE (in house development; www.
cryoflare.org)37. Micrographs below an EPA limit of 5 Å were used for 
further processing. A total of 2,890 micrographs were acquired in two 
sessions. Drift correction was performed with the RELION3 motioncor 
in which a motion-corrected sum of all 40 frames was generated with 
and without applying a dose-weighting scheme and CTF was fitted using 
gCTF38 on the non-dose-weighted sums. A small set of particles (54,000) 
was picked using crYOLO39 and imported to cryoSPARC40. After 2D 
classification, an ab initio model was generated. This model was used 
as an initial 3D map for further 3D classification in RELION3 for the two 
data sets independently. In data set 1, the particles (13,943) included 
in the class that contained two cGAS and two NCPs were imported 
into cryoSPARC40 and subjected to non-uniform refinement and later 
refined to 4.1 Å (Extended Data Table 1(a)). In data set 2, the particles 
(87,323) included in the class that contained one cGAS and one NCP 
were subjected to local refinement in cryoSPARC and refined to 3.8 Å. 
The particles that were used for the 4.1 Å and 3.8 Å maps were merged 
and refined to 3.3 Å in RELION341. CTF refinement and signal subtrac-
tion was done for the density, accounting for 1cGAS–1NCP complex. 
3D classification followed by non-uniform refinement in cryoSPARC 
led to a 3.1 Å map.

Second, for the cGAS (WT)–NCP complex, a total of 5,007 movies 
were acquired for the cGAS (WT)–NCP complex. Full frame motion 
correction followed by patch CTF was performed using cryoSPARC. 
Particle picking was done using template picker for 700 images and 
a 2D template was generated. Selected 2Ds were later used to gener-
ate an ab initio model and template picking of particles for the rest of 
the images in cryoSPARC. A total of 142,743 particles out of 404,087 
were selected from 2D classification to do a homo-refinement. 3D 
hetero-refinement with two classes was carried out with 56,747 (40%) 
particles, giving a map that was later locally refined to 5.1 Å. The same 
class with 56,747 particles was further used for particle subtraction for 
the cGAS1–NCP1 complex and further local refinement was carried out 
to obtain a 4.7 Å map.

The resolution values reported for all reconstructions are based 
on the gold-standard Fourier shell correlation (FSC) curve42. 
High-resolution noise substitution has been used for correcting the 
effects of soft masking for the related FSC curves. All of the maps 
have been filtered based on local resolution estimated with MonoRes 
(XMIPP)43 and were later sharpened using the localdeblur_sharpen 
protocol (XMIPP).

Model building and refinement
A nucleosome model from PDB entry 6R8Y44 and a human cGAS 
model from PDB entry 4LEV16 were used as initial references for 
the cryo-electron microscopy map interpretation. The models 
were rigid-body docked using Chimera45 and COOT46. Sequence 
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reassignment to 6R8Y with the 147-bp 601 Widom sequence47 along 
with the human histone sequence was done. The starting model for 
cGAS (4LEV) was refined against the corresponding crystallographic 
structure factors with Phenix48 and Rosetta49 to resolve some of the 
geometry outliers. Restraints for the covalently attached crosslinker 
were generated with JLigand50, Phenix and Rosetta. Model building and 
refinement of the cryo-electron microscopy structures were carried out 
iteratively with COOT46, Phenix48 and Rosetta49 using reference model 
restraints for cGAS (torsional angles) derived from the template model 
(see above). The reference model restrains were generated with Phenix48 
and converted to Rosetta constraints. Residues at the interface with 
the NCP were not restrained. In case of the dimeric nucleosome–cGAS, 
the refinement was with reference model restraints derived from the 
higher-resolution monomer complex (torsional angles). Model valida-
tion was done with Phenix48 and MOLPROBITY51. Side chains without 
sufficient density were marked with zero occupancy.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.
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The electron density reconstructions and corresponding final models 
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