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 2 

SUMMARY 17 

Targeted protein degradation and induced proximity refer to strategies that leverage the 18 

recruitment of proteins to facilitate their modification, regulation or degradation. As prospective 19 

design of glues remains challenging, unbiased discovery methods are needed to unveil hidden 20 

chemical targets. Here we establish a high throughput affinity purification mass spectrometry 21 

workflow in cell lysates for the unbiased identification of molecular glue targets. By mapping the 22 

targets of 20 CRBN-binding molecular glues, we identify 298 protein targets and demonstrate 23 

the utility of enrichment methods for identifying novel targets overlooked using established 24 

methods. We use a computational workflow to estimate target confidence and perform a 25 

biochemical screen to identify a lead compound for the new non-ZF target PPIL4. Our study 26 

provides a comprehensive inventory of targets chemically recruited to CRBN and delivers a 27 

robust and scalable workflow for identifying new drug-induced protein interactions in cell lysates. 28 

 29 

Keywords: IMiD, molecular glue, E3 ligase, cereblon, targeted protein degradation, 30 

proteomics, degrader, ubiquitin, PROTAC, PPIL431 
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 3 

INTRODUCTION 32 

 Targeted Protein Degradation (TPD) represents a promising therapeutic approach to 33 

remove disease-associated proteins from cells1,2. The process of TPD involves hijacking the 34 

ubiquitylation machinery for the covalent attachment of ubiquitin molecules to a desired protein 35 

of interest, which in turn leads to degradation by the proteasome3,4. Ubiquitin-mediated TPD 36 

utilizes two types of small molecules, molecular glues5 and heterobifunctional degraders (also 37 

known as PROteolysis Targeting Chimeras, or PROTACs)3, both of which chemically induce 38 

ternary complex formation between a protein target and a ubiquitin E3 ligase, followed by 39 

proximity-driven ubiquitylation and subsequent degradation. 40 

Despite the rapid growth of TPD as a therapeutic strategy, the discovery and 41 

development of effective degraders remains challenging.  Heterobifunctional degraders rely on 42 

a linker to connect two binding warheads: one for the ligase and one for the protein of 43 

interest3,6,7. Although this modular design offers the flexibility to target any protein with a known 44 

binder, the resulting molecules often possess poor drug-like properties due to their large size. 45 

Molecular glues present a possible alternative due to their small size and improved drug-like 46 

properties. However, as they lack binding to their target protein and instead enhance protein-47 

protein interactions (PPI) between a ligase and substrate, rational design of molecular glues is 48 

far more challenging8. Over the last decade, the discovery of new molecular glue degraders has 49 

largely relied on serendipity through phenotypic screening of large libraries of molecules and 50 

retrospective identification of their degradation targets.  Although FDA-approved molecular glue 51 

degraders exist, including the immunomodulatory drugs (IMiDs) thalidomide, lenalidomide, and 52 

pomalidomide, they have all been characterized as molecular glues in retrospect after their 53 

serendipitous discovery. IMiD molecules bind to the CUL4-RBX1-DDB1-CRBN (CRL4CRBN) E3 54 

ligase5,9-13 creating a favorable surface for new proteins (neo-substrates) to bind for induced 55 

degradation. Since this discovery, significant efforts into the design and screening of new IMiD 56 

analogs have revealed up to 50 neo-substrates in the public domain, all carrying a glycine 57 
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containing b-hairpin structural degron5,11,14-22. Remarkably, computational modeling of the 58 

AlphaFold2 (AF2) structures available in the Protein Data Bank (PDB) suggest that we are just 59 

scraping the surface of what is targetable by these molecules14.  60 

Given the mechanism of action (MoA) of degraders, global chemoproteomics has proven 61 

to be an effective tool for the identification of protein degradation targets19,23-25. Using this 62 

approach, the target space of degraders for multiple therapeutic target classes have been 63 

extensively mapped for tractable targets, including kinases23,26,27, bromo-domains28-30, HDACs31 64 

and zinc finger (ZF) transcription factors19. Although this method has greatly expanded the 65 

repertoire of known targets, limited sensitivity has restricted the ability to identify proteins with 66 

low expression levels without screening libraries of cell lines or using target enrichment 67 

methods. This approach also remains blind to a key aspect of these molecules: the identification 68 

of proteins that are recruited to the ligase but do not ultimately get degraded. Such “non-69 

degrading glue” targets may be subject to poor lysine accessibility, lack of degradative ubiquitin 70 

chain formation32, high deubiquitinase activity, poor proteasome access, or other resistance 71 

mechanisms. However, these targets still represent important therapeutic targets if these factors 72 

can be overcome to convert silent molecular glues into molecular glue degraders or functional 73 

modulators of the target. 74 

Methods to identify chemically induced protein-protein interactions include 75 

immunoprecipitation mass spectrometry (IP-MS)33 and proximity labeling approaches coupled to 76 

mass spectrometry34,35. IP-MS approaches have been employed for the identification of direct 77 

protein interactions, whereas proximity labeling approaches are commonly employed for the 78 

mapping of proximity interactomes in cells and in vivo34,36-38, enabling the identification of protein 79 

interactions within a 10-30 nm radius of the epitope tagged protein of interest34,36,37,39. Although 80 

these in-cell methods have demonstrated successful identification of chemically induced 81 

interactions, they often require extensive fine tuning of various factors including noise, 82 

sensitivity, variability and scalability. 83 
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In this study, we establish a simple, robust and sensitive workflow to facilitate high 84 

throughput discovery of degrader-induced protein-protein interactions and develop them into 85 

selective tools and therapeutic candidates. We use this method to build a comprehensive 86 

inventory of 298 distinct protein targets recruited to CRBN including many new zinc finger (ZF) 87 

transcription factors and proteins from new target classes, including RNA-recognition motif 88 

(RRM) domain proteins. We evaluate the binding potential of these targets through structural 89 

alignment with IMiD-bound CRBN and performed biochemical and structural validation studies 90 

on a series of non-ZF targets. We then screened a library of ~6000 IMiD analogs against a 91 

novel non-ZF target, PPIL4, identifying a selective lead degrader molecule, thereby presenting a 92 

blueprint for the effective discovery of novel molecular glue degraders. 93 

  94 
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RESULTS 95 

Unbiased identification of degrader-induced interactors in-lysate 96 

To establish a workflow for the identification of chemically induced protein-protein 97 

interactions, we set out to simplify traditional IP-MS methods. We hypothesized that we could 98 

create a controlled environment with reduced biological variability and enhanced scalability by 99 

establishing a workflow in cell lysate using spiked in recombinant protein as the bait. Our 100 

workflow harnesses small molecule degrader-induced ternary complex formation in cell lysate 101 

using recombinant FLAG-tagged CRBN in complex with DDB1 excluding the BPB domain (∆B), 102 

which prevents CUL4 interaction to inhibit ubiquitylation of the recruited target, with a small 103 

molecule degrader. After incubation, we enrich with a highly selective antibody for the FLAG 104 

epitope tag followed by label free quantitative proteomic assessment to identify interactors 105 

(Figure 1A). To benchmark and explore the viability of this approach for identification of protein-106 

protein interactions, we selected two representative degrader molecules that have been 107 

thoroughly profiled in published reports – pomalidomide, a IMiD molecular glue19,40 and SB1-G-108 

187, a kinase-targeted heterobifunctional degrader26 (Figure 1B). We profiled these two 109 

molecules across two different cell lines, MOLT4 and Kelly, selected for their orthogonal 110 

expression profiles and broad coverage of known CRBN neo-substrates including IKZF1/3 111 

(MOLT4) and SALL4 (Kelly)19. The pomalidomide screen revealed 11 different enriched proteins 112 

across these two cell lines (9 in MOLT4 and 4 in Kelly cells), which revealed three novel targets, 113 

ASS1, ZBED3 and ZNF219 (Figure 1C, Figure S1A-B, Table S1). We then validated 114 

recruitment of these three novel targets to CRBN using dose response immunoblot or TR-FRET 115 

analysis (Figure S1C-D).  116 

To assess the overlap of these enriched targets with published degradation data for 117 

pomalidomide, we performed a hit comparison with publicly available global proteomics data 118 

(http://proteomics.fischerlab.org), which includes ten independent pomalidomide treatments 119 

spanning HEK293T, Kelly and MOLT4 cell lines (Figure 1D). Like our enrichment data, the 120 
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global degradation data also maps 11 targets as degradable, however only 4 of these targets 121 

(IKZF1, IKZF3, ZFP91 and SALL4) overlap with those that we see enriched in this dataset. The 122 

SB1-G-187 kinase degrader screen identified 18 enriched targets across the two cell lines (16 in 123 

MOLT4 and 7 in Kelly cells) including multiple non-protein kinase targets which raised the 124 

question of how these proteins are being recruited to CRBN by a kinase degrader (Figure 1E, 125 

Figure S1E-F, Table S1). Assessment of the non-kinase targets revealed that several are 126 

known to form complexes with different kinases, such as TAB1 and TAB2 which form a 127 

functional kinase complex with MAP3K741,42, and UNC119 which binds to myristoylated SRC to 128 

regulate cellular localization43. This data suggests that these non-kinases are being recruited to 129 

CRBN through piggybacking on their kinase binding partners. Of the other recruited non-kinase 130 

targets, ZBED3 is also identified in the pomalidomide treatment suggesting recruitment through 131 

the IMiD handle of the degrader and SDR39U1 was reported as a non-kinase target in a 132 

chemoproteomics profiling study of kinase inhibitor probes44. Next, we assessed the differences 133 

and overlap in hits between publicly available degradation data in MOLT4 and Kelly cells for 134 

kinase-targeted heterobifunctional degrader, SB1-G-187, and enrichment data (Figure 1E). We 135 

found 6 overlapping hits - all protein kinases - including CDK1, IRAK1, LCK, LYN, MAP3K7 and 136 

SRC. Like the pomalidomide data, we observe similar numbers of proteins identified in either 137 

degradation data (15) or enrichment data (12), demonstrating that these two methods 138 

complement each other to expand the target scope of these molecules. Together, the data 139 

collected for these two degrader molecules demonstrate the value of our workflow for identifying 140 

chemically induced protein-protein interactions invisible to degradation assays, while also 141 

highlighting opportunities for improving sensitivity. 142 

 143 

Mapping the interactomes of IMiD molecular glue degraders 144 

 Next, using the functional enrichment method as a basis, we set out to optimize and 145 

address the critical need for sensitivity and high throughput. IP-MS experiments typically require 146 
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labor-intensive sample preparation steps which create a significant source of variability and lead 147 

to high background and false positive rates while also placing limits on the number of samples 148 

that can be prepared in parallel. To address these limitations, we automated the enrichment and 149 

sample preparation procedures to enable effective mapping of interaction targets across 150 

libraries of molecules at scale. We incorporated a cost effective Opentrons OT-2 liquid handling 151 

platform to automate the sample preparation process from addition of all immunoprecipitation 152 

components to tryptic digestion for 96 samples in parallel (Figure 2A). To address throughput 153 

and depth of the proteomics workflow, we took advantage of recent updates in instrumentation 154 

(timsTOF Pro2, Bruker) and acquisition methods (diaPASEF)45 that allow for significant 155 

improvements in sensitivity (Figure 2A). In contrast to the data-dependent acquisition (DDA) 156 

data collected in our proof-of-concept analysis (Figure 1), diaPASEF measures peptides by 157 

systematically sampling all precursor ions within a specified m/z range regardless of their 158 

abundance which enhances the reproducibility and depth of peptide coverage to allow for more 159 

accurate and robust quantification of peptides in complex samples. Comparison of the average 160 

numbers of proteins and peptides quantified between the DDA collection (Figure 1A) and 161 

diaPASEF collection (Figure 2A) revealed a >5-fold increase in proteins and a ~9-fold increase 162 

in peptides quantified (Figure S2A-B) confirming a significant improvement in depth and 163 

sensitivity. 164 

 Work over the last several years has led to the identification of a growing list of ~50 165 

neo-substrates that are recruited to CRBN by IMiD analogs for chemically induced 166 

degradation14. Validated targets include a large number of C2H2 zinc finger (ZF) transcription 167 

factors such as IKZF1/35, ZFP9118, or SALL415,19, but only a few non-ZF proteins such as G1 to 168 

S phase transition protein 1 (GSPT1)11 and casein kinase 1 alpha (CK1a)12,17. These targets do 169 

not possess any similarity, but instead all share a common structural CRBN binding motif 170 

consisting of an 8-residue loop that connects the two strands of a b-hairpin and has a glycine at 171 
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the sixth position (G-loop)11,12,18. Remarkably, a recently reported analysis of available 172 

AlphaFold2 (AF2) predicted structures for proteins in the human proteome uncovered over 173 

2,500 proteins that harbor a G-loop potentially compatible with IMiD-recruitment to CRBN, with 174 

C2H2 ZF proteins revealing themselves as the most prevalent domain class, aligning with the 175 

dominance that this class has amongst the experimentally confirmed targets14. Due to the 176 

extensive range of proteins that are predicted to be chemically recruitable to CRBN, we asked 177 

how many of these proteins are already targeted by existing chemistry, but not yet identified due 178 

to lack of sensitivity of existing methods. To explore the range of proteins chemically recruited to 179 

CRBN, we screened a curated library of 20 different IMiD analogs through our automated 180 

lysate-based IP workflow. We assembled this library to incorporate a broad range of IMiD-based 181 

scaffolds including the parental FDA-approved IMiDs (thalidomide, lenalidomide, 182 

pomalidomide)46,47, where there is a high value to identifying new targets for drug repurposing 183 

efforts. We included a series of IMiD analogs that are undergoing clinical trials (CC-220, CC-184 

92480, CC-90009)48-50 and molecules that have demonstrated promiscuity (FPFT-2216, CC-185 

122)51,52. Finally, we included a series of in-house synthesized scaffolds developed in the 186 

context of targeting Helios (IKZF2)53 or part of an effort to diversify IMiDs with the addition of 187 

fragments on an extended linker (Figure 2B). We screened this library at 1 µM concentration 188 

across MOLT4 and Kelly cell lines (including a second 5 µM concentration for pomalidomide) 189 

and identified proteins that were enriched in the degrader compared to DMSO control IP 190 

treatment (Figure 2C, Figures S3-4, Tables S2-3). Using significance cutoffs of fold change 191 

(FC) >1.5, P-value <0.001 and combining the data from both cell lines, we identified a total of 192 

298 enriched proteins (Table S4). We rationalized that the likelihood of observing the same 193 

proteins enriched as false positives across multiple treatments with similar IMiD analog 194 

molecules is low and therefore used ‘frequency of enrichment’ as a measure of confidence. We 195 

observed 102 proteins enriched in at least three independent IPs, and each of the top 5 proteins 196 

(PATZ1, ZBED3, WIZ, IKZF2 and ASS1) enriched in more than 20 independent IPs across the 197 
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database (Figure 2D, Table S4). Surprisingly, although published reports have confirmed 198 

degradation of PATZ1, WIZ and IKZF2, none of these top 5 enriched proteins regularly feature 199 

amongst those proteins that we commonly see reported in existing unbiased screens of IMiD-200 

based molecules indicating the orthogonal data generated by this profiling method, identifying 201 

targets that might otherwise be overlooked. ZBED3 and ASS1 showed frequent enrichment 202 

across our database without any prior reporting of degradation, even at concentrations up to 5 203 

µM of pomalidomide (Figure S2C, Table S4), suggesting the first reported examples of targets 204 

that are chemically glued to CRBN but lack productive degradation, thus emphasizing the 205 

benefit of alternative binding focused approaches for target identification. Also, important to note 206 

is that the new targets identified in this study are not only targets of new IMiD analogs but are 207 

also identified as targets of IMiDs in clinical trials and with FDA approval. 208 

 To assess the fraction of newly identified IMiD targets, we compared the 298 enriched 209 

proteins to a list of literature reported targets and discovered an overlap of only 28 targets. We 210 

identified 270 novel targets and found only 22 targets were reported in the literature but not 211 

identified as hits in our study (Figure 2E, Table S4)14. Considering the prevalence of C2H2 ZF 212 

transcription factors amongst reported IMiD targets, we asked whether this dominance holds 213 

true across our extended list of targets. To assess this, we extracted superfamily, family and 214 

domain information from curated databases including InterPro54,55, Uniprot56 and Superfamily57 215 

to categorize the targets based on studied features (Figure 2F-G, Table S4). Of the 298 targets 216 

identified, after C-terminal domain classification, the C2H2 ZF superfamily represents the largest 217 

segment, accounting for >14% of the targets in the top 10 enriched superfamilies. This is 218 

followed by RNA-recognition motif domain proteins (RRM, >13%) and nucleotide-binding alpha-219 

beta plait domain superfamilies (α-β plait domain, >12%). Notably, protein kinase-like domain 220 

proteins also features on this top 10 list of superfamilies (kinase-like domain, >6.4%) which 221 

aligns with our knowledge that kinases can be targets of IMiD molecular glues (eg, CSNK1A1 or 222 

WEE1)12,17,58 and suggests that molecular glues may be a viable alternative to PROTACs, which 223 
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are currently widely explored for kinase targeting. Exploration of the top 10 domain 224 

classifications across the dataset shows a similar trend with C2H2 ZF, RRM, ZF, protein kinases 225 

and BTB/POZ domains showing the highest representation across the targets identified (Figure 226 

2G). 227 

 This dataset builds upon previous identifications of protein kinases as targets of IMiD 228 

molecules17,22,59, and further extends the kinase list adding CDK7, IRAK1 and TBK1 as novel 229 

putative molecular glue targets. It also broadens the scope of tractable targets by introducing 230 

multiple new families as targetable by CRBN-based molecular glues, illustrating the extensive 231 

potential of these molecules. Through the application of our unbiased target enrichment 232 

workflow, we have significantly increased the number of experimentally detected IMiD targets, 233 

expanding beyond the C2H2 ZF protein family to a wide range of protein families including 234 

protein kinases and proteins involved in RNA metabolism. 235 

 236 

Zinc finger transcription factors enriched among targets 237 

 To validate the 270 previously unreported targets, we sought to establish a 238 

computational screening pipeline to score the compatibility of targets for recruitment to CRBN. 239 

Structural studies on IMiD-mediated CRBN neo-substrates, both natural and designed, have 240 

established the common G-loop motif that is recognized by the CRBN-IMiD complex12,60. We 241 

used MASTER61 to mine the AF2 database62 for proteins containing G-loops with similar 242 

backbone architecture to the G-loop in known neo-substrate CSNK1A1 (PDB: 5FQD, aa35-42) 243 

resulting in a set of 46,040 loops across 10,926 proteins (Figure 3A). 244 

 Due to structural constraints, not all these proteins are compatible with CRBN. To 245 

identify CRBN-compatible proteins, we first extracted domains containing the G-loops based on 246 

domain definitions from DPAM, a tool that parses domains from AF models based upon 247 

predicted aligned errors (PAE) and evolutionary classification63. Next, we aligned the domains to 248 

our reference CSNK1A1-IMiD-CRBN-DDB1DB structure based on the G-loop and calculated a 249 
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clash score. We used the van der Waals force term for interchain contacts in Rosetta’s low-250 

resolution mode64 to obtain a side-chain independent clash estimate. Out of 16 known neo-251 

substrates with validated G-loops (Table S5, Figure S5), 15 had clash scores below 2, while 252 

ZNF65440 had a score of 172, indicating a minor clash. The clash was caused by a low 253 

confidence region in the AF2 structure and could be resolved by relaxing the complex with 254 

Rosetta (Figure S6A)65. On the other hand, a protein with no evidence supporting it being a 255 

neo-substrate, PAAF1, had a major clash with a score of 1,551 which could not be resolved by 256 

relaxation (Figure S6B). Based on these examples, and analysis of the clash scores of all hit 257 

proteins containing a clear structural G-loop in AF2 (Figure S6C), we filtered out domains with 258 

scores greater than 200 resulting in a list of 14,189 loops across 6,018 proteins with 259 

nonexistent, or marginal clashes with CRBN (Figure 3A, Table S5). 260 

 Of the 298 total enriched candidates,199 were found to have a clear structural G-loop 261 

with 162 having a clash score below 200. Given the high proportion of ZF proteins identified as 262 

targets across this enrichment database (Figure 2F), we mapped the fold change in enrichment 263 

for proteins with an annotated ZF domain across all 20 degraders for both MOLT4 (Figure 3B) 264 

and Kelly cells (Figure 3C). Across these two cell lines, we identified 19 previously reported and 265 

28 new neo-substrates as chemically recruited to CRBN. We then used our G-loop database to 266 

inform on which of these targets have a tractable G-loop and found that only five of the 57 267 

identified targets do not contain a structural G-loop (Figure 3C, Table S5). Given what we know 268 

about the recruitment and binding of CRBN neo-substrates, targets usually bind through a 269 

dominant structural hairpin. Since we do not have validated degron information for all these ZF 270 

targets, we assumed that the G-loop with the lowest clash score has the highest likelihood to 271 

bind and therefore proceeded with evaluation of a single G-loop for each target. To gauge how 272 

the clash scores for these ZF targets compare to all hits in the G-loop database, we compared 273 

the clash scores for our ZF targets to those of all hits (Figure S6C) demonstrating a pronounced 274 

trend towards lower scores for ZF targets suggesting fewer unfavorable interactions (Figure 275 
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S5A-B). Notably, when we explored the ZF hits with higher clash scores (>10) and >3 hit 276 

frequency, we realized that almost all of these have a reported association with at least one of 277 

the validated hits – ZMYND8 (cs 455, binds to ZNF687), and RNF166 (cs 17, binds to 278 

ZNF653/ZBTB39/ZNF827) – which also offers the possibility that these proteins could be 279 

collateral targets, recruited via piggybacking on their binding partners, the direct binders (Table 280 

S4). Finally, we compared ZF targets across the two cell lines as an additional means for 281 

validation, and found 10 overlapping proteins, 6 of which are novel recruited targets (ZBED3, 282 

MNAT1, MTA2, ZBTB44, TRIM28) (Figure 3D). 283 

 There are many factors to take into consideration when looking to predict target 284 

degradability, such as ternary complex formation26,31,66 and target ubiquitylation12,32,67-69, and 285 

multiple studies have placed an emphasis on exploring their role in driving productive 286 

degradation70,71. For degrader-induced degradation to occur, a ternary complex consisting of 287 

ligase-degrader-target needs to form for proximity-mediated ubiquitin transfer to the target 288 

protein. Because ternary complex formation is necessary for successful protein degradation, we 289 

set out to explore the relationship between ternary complex formation and degradation for ZF 290 

targets identified in this study. We focused our evaluation on the parental IMiD molecules which 291 

have been subjected to degradation target profiling using unbiased global proteomics analysis 292 

across a panel of four cell lines (SK-N-DZ, Kelly, MM.1S, hES)19. Comparison of the enriched 293 

ZF targets to the published degradation data shows a consistent trend across the three IMiDs 294 

where only ~30% of the enriched targets that were quantified in global proteomics studies were 295 

degraded, with ~ 60% of the targets quantified but not reported as degraded (Figure 3E, Table 296 

S5). The data was then grouped to allow a global comparison of the enriched versus degraded 297 

IMiD targets. The comparison revealed that of the 31 ZF targets enriched across these three 298 

molecular glues, only 11 of the 29 proteins quantified in global proteomics experiments were 299 

found to be degraded (Figure 3F, Table S5). 18 proteins were quantified in global proteomics 300 

but were not identified as degraded. This prompted us to question whether these targets were 301 
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resistant to degradation by IMiDs and their analogs, or if they were not identified as degraded 302 

due to experimental limitations such as inadequate sensitivity to detect minor changes in protein 303 

abundance, rapid protein turnover or suboptimal experimental conditions. We found that 304 

although several of the targets (WIZ, PATZ1, ZNF687, ZMYM2 and HIC2) were not reported as 305 

degraded in Donovan et al.19, they have since been reported as degraded in other published 306 

studies40,72,73 confirming that IPs provide a complementary approach able to overcome 307 

limitations in sensitivity. The absence of degradation data for the remaining targets could imply 308 

that these targets are resistant to degradation, or similar to the above proteins, the appropriate 309 

degradation experiment has yet to be performed. These data demonstrate that our IP workflow 310 

provides a significant advantage over global proteomics analysis by enabling selective isolation 311 

and enrichment of targets that may be below the change in abundance threshold for consistent 312 

identification with global proteomics approaches. 313 

 314 

IMiD derived molecular glues recruit hundreds of non-zinc finger proteins 315 

 The largest target class of CRBN neo-substrates today are ZF containing proteins, 316 

however, of the ~20,000 proteins in the human proteome, ZF containing proteins only make up 317 

a relatively small proportion with about ~1700 ZF proteins reported74. So far, only a handful of 318 

targets are reported to lack a ZF motif, which includes GSPT111, CK1α12,17, PDE6D75, and 319 

RAB2875. With this in mind, we examined our list of targeted proteins with a focus on those that 320 

do not contain a reported ZF domain and found 251 non-ZF proteins enriched across the IP 321 

dataset (Figure 4A, Table S4). These non-ZF proteins include a wide range of families such as 322 

protein kinases (IRAK1, TBK1, CDK7), RNA recognition motif proteins (ELAVL1, PPIL4, CSTF2, 323 

RBM45), metabolic enzymes (ASS1, PAICS, ACLY, CS, ACADVL), translational proteins 324 

(MARS1, ETF1, EEF1E1, EIF4B) and more spanning different biological pathways. To assist in 325 

establishing confidence in some of these targets, we performed a comparison of the non-ZF 326 

targets enriched in the two tested cell lines and found 39 targets were identified in both MOLT4 327 
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and Kelly cells, including the four above mentioned targets (Figure 4A-B). We then assessed 328 

the AF2 structures of each of these 39 proteins and found that almost all of them (33/39) contain 329 

a structural G-loop (Figure 4B, Figure S5, Table S5). 330 

 Given the large number of non-ZF targets identified in this study and the lack of 331 

emphasis in the public domain with regards to non-ZF CRBN neo-substrates, we selected a 332 

series of non-ZF proteins for further experimental validation. Firstly, to demonstrate that these 333 

neo-substrates are directly recruited to CRBN, we examined ternary complex formation using 334 

recombinant purified proteins. Using two of the more promiscuous molecular glues, 335 

pomalidomide and FPFT-2216, we tested previous reported degradation targets PDE6D, 336 

RAB28 and DTWD1, along with a newly discovered target PPIL4.  Indeed, PDE6D, DTWD1, 337 

and PPIL4 formed compound dependent ternary complex with CRBN at varying effective 338 

concentrations (Figure 4C). However, RAB28, which was previously reported to be degraded 339 

by IMiDs19 and FPFT-221675, did not show any evidence for direct binding to CRBN using 340 

purified proteins. Since RAB28 has previously been reported as a CRBN neo-substrate and 341 

consistently scored across our enrichment study, we explored whether there was any evidence 342 

suggesting that RAB28 could be a collateral target. Exploration of protein-protein interaction 343 

databases including BioPlex33 and STRING-DB76 revealed that RAB28 is known to bind to two 344 

validated IMiD-CRBN neo-substrates PDE6D and ZNF653 (Table S4), suggesting that RAB28 345 

is likely an indirectly recruited target. These data demonstrate that in addition to identifying 346 

direct binders, we can also identify indirect binding partners that may be simultaneously 347 

recruited together with direct binding neo-substrates. Given that targeted protein degradation 348 

requires not only recruitment to CRBN, but also CRBN mediated ubiquitin transfer for 349 

degradation, we also monitored whether the recruited proteins can be ubiquitylated by 350 

CRL4CRBN. In vitro ubiquitylation assays showed robust ubiquitin modification on all 3 recruited 351 

non-ZF proteins in the presence of pomalidomide or FPFT-2216 (Figure 4D). In addition, all 352 

three of these targets were degraded in response to IMiD treatment as observed by global 353 
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proteomics analysis (Figure S6D, Table S5). Using structural G-loop alignments, we then 354 

assessed the potential for each of these three proteins to bind to IMiD-CRBN and found that all 355 

three proteins had a G-loop with a clash score of <200 (Figure 4E). However, the aligned clash 356 

score for DTWD1 was relatively high and approaching the upper 200 threshold (cs 198). We 357 

performed relaxation with Rosetta and found that this reduced the clash score to 1.58 by 358 

allowing minor shifts in the overall conformation while retaining the structural G-loop (Figure 359 

S6E). This process demonstrates that in some cases, clash scores can be relieved through 360 

minor structural rearrangements using Rosetta relax. 361 

 To expand our understanding of the recruitment of non-ZF targets, we determined 362 

cryo-EM structures of CRBN-DDB1DB-FPFT-2216 bound to PPIL4 and PDE6D, respectively 363 

(Figure 4F, Figure S7, Table 1). The complex structures were both refined to a global 364 

resolution of around 3.4 Å and the quality of the resulting maps were sufficient to dock the 365 

complex components, but the flexibly tethered PPIL4 resulted in a lower local resolution. We 366 

were able to observe PPIL4 engagement with FPFT-2216-CRBN via its Gly278 harboring G-367 

loop as expected from the G-loop alignment, as well as for PDE6D via its Gly28 G-loop.  368 

Furthermore, overall density allowed fitting of FPFT-2216 in bulk although the reduced 369 

resolution in that region did not permit exact positioning of the molecule. Nevertheless, we were 370 

able to see that the glutarimide ring engages CRBN’s binding pocket in a similar manner to 371 

other IMiD molecular glues. The triazole interacts with the backbone of the G-loop, and the 372 

methoxythiophene moiety potentially contacts both the PPIL4 backbone of the G-loop and 373 

Arg273. This suggests that the triazole and the methoxythiophene moieties could provide 374 

specificity elements to FPFT-2216 mediated neo-substrate recruitment.  The methoxythiophene 375 

moiety also engaged Arg23 of PDE6D, indicating that FPFT-2216 might derive specificity in 376 

engaging an arginine residue from its neo-substrates. Analysis of the non-ZF targets of FPFT-377 

2216 revealed several other proteins harboring an arginine or a lysine residue at this sequence 378 

location (PDE6D, SCYL1, RBM45, PPIL4). Finally, we compared the experimental structure to 379 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 15, 2024. ; https://doi.org/10.1101/2024.09.11.612438doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.11.612438
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

the AF2 predicted G-loop aligned structure of PPIL4 (Figure S6F). The G-loop aligned structure 380 

of PPIL4 presented a clash score of 3.38, which showed the C-terminal region of CRBN around 381 

residue Arg373 to be clashing with PPIL4’s loop harboring residue Val250.  Although the low 382 

resolution permitted only backbone level fitting of PPIL4, we observed that the cryo-EM 383 

structure revealed a minor shift in the RRM domain of PPIL4 to accommodate this minor clash 384 

suggested in the G-loop aligned structure while retaining overall conformational similarity of the 385 

G-loop (Figure S6F).  Meanwhile, PDE6D retained overall similar conformation with minor shifts 386 

that did not alter the interaction with CRBN (Figure S6G).  387 

 These data demonstrate that RRM domain containing proteins represent a new class 388 

of proteins targetable through CRBN dependent molecular glues. Using structural modeling we 389 

increase confidence in these new targets while also providing a reminder that structural analysis 390 

and AF2 predicted structures are static models and although they provide excellent structural 391 

guidance, we need to keep in mind that proteins in solution are flexible and dynamic. 392 

 393 

Discovery of new and selective molecular glue for PPIL4  394 

 While the proteomics-based screening workflow identifies novel putative CRBN targets 395 

and provides initial chemical matter, it does not necessarily provide the best starting point for 396 

developing a chemical probe or therapeutic due to the limited number of molecules screened. 397 

We hypothesized that this limitation could be overcome by following up proteomics screening 398 

with a target centric screen of a larger CRBN binder library to identify the optimal chemical 399 

starting point. To test this, we set out to identify PPIL4 targeting molecular glues with improved 400 

selectivity and lacking the triazole moiety. We employed an IMiD molecular glue library 401 

consisting of ~6000 compounds of various IMiD analogs that were either synthesized in-house 402 

or purchased externally.  We screened this library against PPIL4 using TR-FRET to measure 403 

compound-induced PPIL4 recruitment to CRBN (Figure 5A). TR-FRET ratios were obtained by 404 

incubating the library with GFP fused CRBN-DDB1∆B, biotinylated PPIL4, and Tb-labeled 405 
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streptavidin that binds to the biotinylated PPIL4. The library was compared relative to the 406 

positive control, whereby the 520/490 ratio of FPFT-2216 at 10 µM was normalized as 1, and 407 

compounds were tested at 1.66 µM or 3.33 µM to find hits with equal or improved efficacy in 408 

directly recruiting PPIL4 to CRBN-DDB1∆B.  We were able to narrow down the library to two 409 

molecules that performed similar or better than FPFT-2216 (Figure 5B). These lead compounds 410 

were subject to a full titration to assess recruitment efficacy by TR-FRET.  Ultimately, after 411 

recognizing one of the two hits was due to autofluorescence, we were able to identify a 412 

molecule, Z6466608628, that produced a higher 520/490 ratio, and a better EC50 of 0.34 µM 413 

compared to FPFT-2216, measured at 1.05 µM in this experiment (Figure 5C-D).  414 

 To test the efficacy and selectivity of our lead compound, we first performed IP-MS in 415 

comparison with FPFT-2216 in Kelly cell lysate. While FPFT-2216 recruited many proteins, 416 

Z6466608628 selectively recruited PPIL4, along with its binding partner DHX40 (Figure 5E, 417 

Table S5). We then performed global proteomics in MOLT4 cells to confirm that Z6466608628 418 

can induce selective downregulation of PPIL4 (Figure 5F, Table S5). These data collectively 419 

demonstrate the complete workflow, starting from the identification of a novel non-ZF target 420 

PPIL4 in a chemoproteomics screen, to the discovery of a new PPIL4 selective molecular glue 421 

that would serve as an excellent lead molecule for structural optimization. 422 

  423 
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DISCUSSION 424 

Targeted protein degradation and induced proximity are part of a rapidly expanding field 425 

focused on the development of small molecules that leverage induced neo-protein-protein 426 

interactions to drive pharmacology. In this study, we develop and showcase a new workflow for 427 

high sensitivity, unbiased target identification of degraders and non-degrading molecular glues, 428 

identifying more than 290 targets recruited to CRBN by IMiD-like molecules. We demonstrate 429 

that this new approach to target identification can reveal critical insights and new targets that 430 

are missed by traditional screening methodologies and provide a blueprint from discovery to 431 

optimization and structure guided design of new molecular glue degraders. 432 

Thalidomide and its derivatives, lenalidomide and pomalidomide (IMiDs), have had a 433 

checkered past. These molecules have been in use for a variety of indications, on and off, since 434 

the 1950’s and have experienced perhaps the greatest turnaround in drug history. From 435 

devastating birth defects to effective hematological cancer therapy, and more recently, 436 

significant investment in utilizing these molecules for TPD-based therapeutics. While a decade 437 

of research has slowly uncovered around 50 reported neo-substrates of IMiD’s, thousands of 438 

proteins harbor G-loops that have the potential for recruitment to CRBN by IMiD molecules. Our 439 

simple, cost effective and highly scalable unbiased screening workflow combines whole cell 440 

lysate with recombinant Flag-CRBN and degraders to enrich target binders from the complex 441 

proteome. Through an IMiD-analog diversity screen across two cell lines, we mapped a 442 

significant expansion of the neo-substrate repertoire by identifying 298 proteins recruited to 443 

CRBN, with 270 of these being novel targets. Unlike many current high throughput screening 444 

workflows that focus on the end point – degradation, this workflow allows us to explore the 445 

fundamental first step of proximity induced degradation – recruitment, where we are now able to 446 

identify targets that are directly or indirectly recruited to CRBN. This sensitive workflow sheds 447 

light onto a previously unchartered element of the molecular glue mechanism of action and 448 

establishes insights into how and why certain molecular glues may exhibit higher efficacy than 449 
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others. Surprisingly, we discovered targets recruited to CRBN that are resistant to degradation, 450 

demonstrating the first examples of targets being glued to CRBN without productive 451 

degradation. Exploration of two of these targets, ASS1 and ZBED3, does not offer any clues as 452 

to why they are not degraded since both have reported ubiquitylated sites77. Numerous 453 

possibilities exist, from these targets being tightly preoccupied by other binding partners, 454 

geometric constraints leading to inaccessibility of lysines, removal of ubiquitylation by 455 

deubiquitinases, or preclusion of the catalytic sites due to size and shape preventing active 456 

ubiquitylation. It is important to note that the non-degrading functions of these molecular glues 457 

may have interesting degradation-independent pharmacology that have not yet been 458 

investigated, thus providing an opportunity for future experimental research. 459 

The comprehensive G-loop database provided us with prefiltered insights as to whether 460 

these targets have the potential to be recruited to CRBN through the currently established 461 

mechanism of G-loop binding. However, although most targets identified in this study do have a 462 

structural G-loop, we do have numerous instances of proteins that do not harbor a G-loop. 463 

Some of these targets do have a structurally similar hairpin motif but are lacking the ‘essential’ 464 

glycine in position six. Whereas other targets did not have this structural motif at all. These 465 

findings indicate the potential for alternative recruitment mechanisms such as proteins 466 

piggybacking on a direct G-loop carrying target. This concept of collateral (or bystander) 467 

targeting was also demonstrated in a study exploring HDAC degradability, where it was found 468 

that both HDACs, and their known complex binding partners can be degraded31. Alternatively, 469 

and perhaps more intriguingly, the potential for recruitment of proteins through a distinct 470 

structural motif suggesting there may be new binding mechanisms that are pending discovery. 471 

The potential capacity for IMiDs to yield interfaces favorable for recruitment of various structural 472 

motifs would considerably expand the diversity CRBN neo-substrates and broaden therapeutic 473 

applications.    474 
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Amongst the targets identified in this study, we not only discovered many new C2H2 ZF 475 

transcription factor targets but also extended targets beyond C2H2 ZF proteins, into additional 476 

classes of proteins such as those containing RNA recognition motif (RRM) domain and kinase 477 

domains, confirming that CRBN is an incredibly versatile ligase and very well suited to hijacking 478 

for TPD applications. We reveal 251 non-ZF targets, a dramatic increase in the breadth and 479 

number of proteins targeted by CRBN from the currently reported targets of less than a dozen. 480 

Direct binding data using TR-FRET on a selection of these targets validates their direct binding 481 

mechanism, and structural characterization further corroborates this binding while validating the 482 

generated G-loop alignment database as a tool to assist prioritization of targets using clash 483 

score assessment. Using the accumulative data, we selected a novel non-ZF neo-substrate, 484 

PPIL4, for additional screening to illustrate the utility of this workflow for prioritization efforts. 485 

After a biochemical ternary complex recruitment screen of around 6,000 IMiD analogs, we 486 

selected a single hit compound and used chemoproteomics to confirm selective recruitment of 487 

PPIL4 to CRBN. Genomic studies have reported that PPIL4 is essential for brain specific 488 

angiogenesis and has implications in intracranial aneurysms78, and is known to regulate the 489 

catalytic activation of the spliceosome79. Thus, this new molecular glue could be of great interest 490 

to target the splicing pathway, in relation to intracranial aneurysms, or in other contexts.  491 

We believe our strategic workflow and comprehensive data package, along with outlining 492 

specific applications of these, provides a valuable resource for the chemical biology, drug 493 

discovery and induced proximity communities. Importantly, the workflow is neither limited to 494 

CRBN nor to TPD, but rather can be applied to any induced proximity application. We expect 495 

the enrichment workflow will provide a blueprint for expansion into target identification for 496 

induced proximity platforms as well as further expansion of targets for protein degraders beyond 497 

molecular glues. Through initial scouting efforts on heterobifunctional degraders and additional 498 

ligases we are confident there are many novel discoveries to be made with already existing 499 
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chemistry and we envision this as an evolving resource where we will continue to release data 500 

as it becomes available. 501 

 502 

 503 

SIGNIFICANCE 504 

Degraders and molecular glues are small molecules that can target and promote the 505 

degradation of specific proteins providing a novel approach for modulating protein function. 506 

Currently available unbiased methods to identify targets of degraders, although successful in 507 

identifying transient and/or degraded targets, are limited in sensitivity and ability to identify direct 508 

binders of these molecules, prohibiting identification of targets that have weak expression 509 

changes or are glued and not degraded. Here, we develop an automatable high throughput 510 

method for the identification of chemically-induced binders. We demonstrate the ability to 511 

comprehensively identify new targets by identifying 298 neo-substrates of CRBN, significantly 512 

expanding the repertoire of actionable targets. We then used structural and biochemical 513 

characterization alongside a computational structural alignment workflow to validate hit targets 514 

and selected one novel target, PPIL4, to perform a focused biochemical screen for the 515 

identification of a new lead molecule. CRBN is the most targeted ligase in the TPD field, with 516 

molecules FDA approved and more in clinical trials it is important that we understand the 517 

complete cellular and molecular impact of targeting this ligase. The findings presented in this 518 

study, open a new and complementary avenue for target identification and create a valuable 519 

data resource mapping a wide range of neo-substrates of the CRBN ligase. Through expansion 520 

of the range of CRBN targets, we not only enhance our knowledge of newly druggable targets 521 

and offer new avenues for therapeutic development, but we also enhance our understanding of 522 

the molecular mechanisms and cellular pathways that are influenced by existing and future IMiD 523 

molecules providing opportunities for improved drug design. 524 

 525 
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FIGURE TITLES AND LEGENDS 561 

 562 

Figure 1 | Proof of concept for target enrichment in-lysate.  563 
(A) Schematic representation of the first-generation enrichment-based quantitative proteomics 564 
workflow established for target enrichment and identification. (B) Chemical structures of 565 
degraders – Pomalidomide (molecular glue) and SB1-G-187 (heterobifunctional). (C) 566 
Scatterplots depicting relative protein abundance following Flag-CRBN-DDB1DB enrichment 567 

from in-lysate treatment with 1 µM Pomalidomide and recombinant Flag-CRBN-DDB1DB spike 568 
in. Left: MOLT4 cells and Right: Kelly Cells. Scatterplots display fold change in abundance to 569 
DMSO. Significant changes were assessed by moderated t-test as implemented in the limma 570 
package80 with log2 FC shown on the y-axis and negative log10 P-value on the x-axis. (D) Venn 571 
diagram showing unique and overlapping hits for Pomalidomide found in our enrichment study 572 
and in publicly available whole cell degradation data. (E) As in C, but with 1 µM SB1-G-187 573 
treatment. (F) As in D, but with SB1-G-187 treatment.  574 
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 575 

 576 

Figure 2 | Unveiling and mapping CRBN recruited neo-substrates.  577 
(A) Schematic representation of the second-generation enrichment-based quantitative 578 
proteomics workflow established for target enrichment and identification. (B) Chemical 579 
structures of the 20 CRBN-based degraders profiled in this study. (C) Scatterplot depicting 580 
relative protein abundance following Flag-CRBN-DDB1DB enrichment from in-lysate treatment 581 
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with degrader and recombinant Flag-CRBN-DDB1DB spike in. Scatterplot displays fold change 582 
in abundance to DMSO. Significant changes were assessed by moderated t-test as 583 
implemented in the limma package80 with log2 FC shown on the y-axis and negative log10 P-584 
value on the x-axis. Scatterplots for all 21 treatments across MOLT4 and Kelly cells can be 585 
found in separate PDF’s “Figures S3-4”, representative example for a single treatment 586 
(Pomalidomide, 1 µM) is displayed here. (D) The number of independent IPs for which 587 
enrichment was observed for each target. Inset, the top 20 frequently enriched target proteins. 588 
(E) Venn diagram showing unique and overlapping hits found in our enrichment study and in 589 
published literature. (F) Donut chart representing the proportions of enriched proteins contained 590 
within the Top 10 different superfamily categories. (G) Donut chart representing the proportions 591 
of enriched proteins contained within the Top 10 different domain categories. 592 
  593 
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 594 

Figure 3 | Structural alignment and assessment of ZF CRBN neo-substrates.  595 
(A) Schematic representation of the computational workflow established for AF2 G-loop binding 596 
compatibility with CRBN-IMiD. (B) Heatmap displaying the log2 fold change (log2 FC) of 597 
significant (P-value <0.001) molecular glue dependent ZF targets in MOLT4 cells. White space 598 
in the heatmap corresponds to log2FC = 0 or no quantification. Previously reported targets are 599 
marked with a blue dot, newly reported targets are marked with a green dot and targets with a 600 
structural G-loop are marked with a gray dot. Significant changes were assessed by moderated 601 
t-test as implemented in the limma package80. (C) As in B, but with Kelly cells. (D) Venn 602 
diagram showing unique and overlapping ZF hits comparing MOLT4 and Kelly cell targets. (E) 603 
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Stacked bar plot showing the proportion of targets complexed and degraded by each of the 604 
indicated IMiD molecules.  “not seen” indicates enriched targets were not quantified in global 605 
proteomics studies. “seen, degraded” indicates enriched targets quantified and reported as 606 
degraded in global proteomics. “seen, not degraded” indicates enriched targets were quantified 607 
but not degraded in global proteomics 19. (F) Pie chart displays the IMiD-grouped data from E. 608 
  609 
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Figure 4 | Assessment and validation of CRBN non-ZF neo-substrates.  612 
(A) Venn diagram showing unique and overlapping non-ZF hits comparing MOLT4 and Kelly 613 
cell targets. (B) Heatmap displaying the log2 fold change (log2 FC) for the 39 overlapping hits 614 
from A. White space in the heatmap corresponds to log2FC = 0 or no quantification. Previously 615 
reported targets are marked with a blue dot, newly reported targets are marked with a green dot 616 
and targets with a structural G-loop are marked with a gray dot. Significant changes were 617 
assessed by moderated t-test as implemented in the limma package80. (C) TR-FRET with 618 
titration of FPFT-2216 or pomalidomide to N-terminally biotinylated FL PDE6D, DTWD1, PPIL4 619 
or RAB28 at 20 nM, incubated with terbium-streptavidin at 2 nM to monitor binding to GFP-620 
CRBN-DDB1∆B at 200 nM. Values were determined by technical replicates of n=2. (D) 621 
Immunoblots of ubiquitylation assay establishing PDE6D, DTWD1 and PPIL4 as FPFT-2216 622 
and pomalidomide-induced neo-substrates of CRBN. (E) Structural G-loop alignment of AF2 623 
PPIL4, PDE6D, and DTWD1 with CRBN-DDB1DB (PDB ID 5QFD, 6UML). Corresponding clash 624 
score is displayed. (F) Cryo-EM 3D reconstruction of PPIL4-RRM bound in ternary complex with 625 
FPFT-2216-CRBN-DDB1 FL, and PDE6D bound with FPFT-2216-CRBN-DDB1∆B. Maps are 626 
postprocessed with DeepEMhancer81. Inset of each shows the potential binding mode of action 627 
of FPFT-2216 engaging PPIL4 or PDE6D via neo-substrate G-loop and its interacting residues. 628 
  629 
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 630 

  631 

Figure 5 | High throughput IMiD analog library screen for improved hit molecules for 632 
PPIL4. (A) Schematic of the high throughput TR-FRET screening workflow used to screen 633 
>6,000 IMiD analogs. (B) TR-FRET: Normalized 520/490 ratio for each of the >6,000 634 
compounds derived from IMiD molecules combined from the Gray/Fischer laboratories and 635 
those purchased from Enamine with GFP-CRBN-DDB1∆B at 50 nM, biotinylated PPIL4 at 20 636 
nM, and terbium-streptavidin at 2 nM. (C) TR-FRET: titration of FPFT-2216 and lead 637 
compounds to GFP-CRBN-DDB1∆B at (200 nM), biotinylated PPIL4 at 20 nM, and terbium-638 
streptavidin at 2 nM. Values were determined by technical replicates of n=2. (D) Chemical 639 
structures of FPFT-2216 alongside new lead compound from B and C. (E) Scatterplot depicting 640 
relative protein abundance following Flag-CRBN-DDB1DB enrichment from Kelly cell in-lysate 641 
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treatment with FPFT-2216 (left) and Z6466608626 (right) and recombinant Flag-CRBN-642 
DDB1DB spike in. Scatterplot displays fold change in abundance to DMSO. Significant changes 643 
were assessed by moderated t-test as implemented in the limma package80 with log2 FC shown 644 
on the y-axis and negative log10 P-value on the x-axis.  (F) Scatterplot depicting relative protein 645 
abundance following Z6466608626 treatment in MOLT4 cells. Significant changes were 646 
assessed by moderated t-test as implemented in the limma package80 with log2 FC shown on 647 
the y-axis and negative log10 P-value on the x-axis. 648 
 649 

  650 
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Table 1. Data collection and refinement statistics for cryo-EM datasets, related to Figures 651 
4 and S7 652 

 

CRBN-DDB1 
FPFT-2216 
PPIL4 RRM 

CRBN-DDB1∆B 
FPFT-2216 

PDE6D 
Consensus refine 

CRBN-DDB1∆B 
FPFT-2216 

PDE6D 
Local refine 

Microscope Talos Arctica Talos Arctica 

Voltage (kV) 200 200 

Camera Gatan K3 Gatan K3 

Magnification (×) 36,000 36,000 

Pixel size (Å) 1.1 1.1 

Total electron exposure (e−/Å2) 54 51.2 

Number of frames 40 50 

Defocus range (μm) −2.0 to −0.8 −2.0 to −0.8 

Data collection software SerialEM4.1b 

Micrographs collected 4,170 4,474 

Total extracted particles 3,198,055 3,393,589 

EMDB accession code EMD-XXXXX EMD-XXXXX EMD-XXXXX 

PDB accession code PDB-XXXX PDB-XXXX  

Final particles used 219,802 515,636 515,636 

Map resolution (Å, FSC 0.143) 3.5 3.3 3.4 

FSC threshold 0.143 0.143 0.143 

Model composition 

Protein residues 1211 1260  

Ligands 2 2  

Refinement package phenix.real_space_refine  

Model-to-map CC 0.72 0.78  

Model-to-map FSC  
(Å, FSC 0.5) 

3.8 3.5  

Mean B factors (Å2) 

Protein 63.69 98.29  

Ligand 69.37 118.85  

Water – –  

Bond root-mean-square deviation (RMSD) 

Lengths (Å) 0.005 0.005  
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CRBN-DDB1 
FPFT-2216 
PPIL4 RRM 

CRBN-DDB1∆B 
FPFT-2216 

PDE6D 
Consensus refine 

CRBN-DDB1∆B 
FPFT-2216 

PDE6D 
Local refine 

Angles (°) 0.615 0.797  

Validation 

MolProbity score 2.05 1.53  

Clash score 11.78 6.37  

Rotamer outliers (%) 1.27 0.11  

CaBLAM outliers (%) 2.76 1.54  

Ramachandran plot 

Favored (%) 94.26 96.96  

Allowed (%) 5.74 3.04  

Disallowed (%) 0.00 0.00  
 653 
 654 
  655 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 15, 2024. ; https://doi.org/10.1101/2024.09.11.612438doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.11.612438
http://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

RESOURCES AVAILABILITY 656 

Lead Contact 657 

Further information and requests for resources and reagents should be directed to and will be 658 

fulfilled by the Lead Contact, Eric Fischer (Eric_Fischer@DFCI.HARVARD.EDU). 659 

 660 

Materials Availability 661 

Small molecules described in this study will be made available on request, upon completion of a 662 

Materials Transfer Agreement. 663 

  664 
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Supplemental information. 665 

Table S1. Table reporting Log2 Fold Change and P-value for all proteins quantified in CRBN-666 

DDB1DB IP-MS experiments in the presence of pomalidomide (1 µM) or SB1-G-187 (1 µM) in 667 

MOLT4 or Kelly cell lysate. Statistics generated through moderated t-test in limma package80. 668 

Table related to Figures 1 and S1. 669 

Table S2. Table reporting Log2 Fold Change and P-value for all proteins quantified in CRBN-670 

DDB1DB IP-MS experiments in the presence of IMiD analogs in MOLT4 cell lysate. Statistics 671 

generated through moderated t-test in limma package80. Table related to Figure 2-4 and S3. 672 

Table S3. Table reporting Log2 Fold Change and P-value for all proteins quantified in CRBN-673 

DDB1DB IP-MS experiments in the presence of IMiD analogs in Kelly cell lysate. Statistics 674 

generated through moderated t-test in limma package80. Table related to Figure 2-4 and S4. 675 

Table S4. Table reporting frequency of “hit” for all proteins identified as a hit across the IMiD 676 

library IP-MS screens in MOLT4 and Kelly cell lysates. Table reports target 677 

domain/family/superfamily classifications and interactome information. Table related to Figures 678 

2, 4 and S2. 679 

Table S5. Table reporting the G-loop details for all proteins in the human proteome that were 680 

identified as having a domain carrying a G-loop. Table reports IP and global proteomics data for 681 

PPIL4 studies. Table related to Figures 3-5, S5-6. 682 

 683 
  684 
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SUPPLEMENTAL FIGURES AND LEGENDS 685 

 686 

Figure S1. Validation of enriched targets from lysate IPs, related to Figure 1, Table S1 687 
(A) Box plot depicting all quantified peptides for each of the enriched targets from MOLT4 cells 688 
comparing DMSO control and Pomalidomide treatments. (B) As in A but for Kelly cells. (C) 689 
Flag-CRBN IP experiments were performed in the presence of increasing concentration of 690 
pomalidomide in both MOLT4 and Kelly cells. Following elution, ASS1 protein levels were 691 
assessed by immunoblot. (D) TR-FRET: titration of IMiD analogs to GFP-CRBN-DDB1∆B at 200 692 
nM, ZBED339-108 or ZNF21953-110 at 20 nM, and terbium-streptavidin at 2 nM. Values were 693 
determined by technical replicates of n=2. (E) Box plot depicting all quantified peptides for each 694 
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of the enriched targets from MOLT4 cells comparing DMSO control and SB1-G-187 treatments. 695 
(F) As in E but for Kelly cells. 696 
  697 
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 698 

 699 

Figure S2. Quantitative proteomics for exploration of targets recruited by IMiD analogs, 700 
related to Figure 2 701 
(A) Histogram displaying number of unique proteins quantified in DDA and diaPASEF IP-MS 702 
experiments for MOLT4 and Kelly cells. (B) Histogram displaying number of unique peptides 703 
quantified in DDA and diaPASEF IP-MS experiments for MOLT4 and Kelly cells. (C) Scatterplot 704 
depicting relative protein abundance following 5 µM Pomalidomide treatment in MOLT4 cells. 705 
Significant changes were assessed by moderated t-test as implemented in the limma package80 706 
with log2 FC shown on the y-axis and negative log10 P-value on the x-axis. 707 
  708 
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 709 

Figure S3. Scatterplots of IP-MS with molecular glues, related to Figure 2, 3, S4, Table S2, 710 
S3, S4 711 
Scatterplots depicting relative protein abundance following Flag-CRBN-DDB1 enrichment from 712 
in-lysate treatment with degrader and recombinant Flag-CRBN-DDB1 spike in. Scatterplot 713 
displays fold change in abundance for each of the 20 molecules relative to DMSO in MOLT4 714 
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cells. Significant changes were assessed by moderated t-test as implemented in the limma 715 
package80 with log2 FC shown on the y-axis and negative log10 P-value on the x-axis.  716 
  717 
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 718 

 719 

Figure S4. Scatterplots of IP-MS with molecular glues, related to Figure 2, 3, S4, Table S2, 720 
S3, S4 721 
Scatterplots depicting relative protein abundance following Flag-CRBN-DDB1 enrichment from 722 
in-lysate treatment with degrader and recombinant Flag-CRBN-DDB1 spike in. Scatterplot 723 
displays fold change in abundance for each of the 20 molecules relative to DMSO in Kelly cells. 724 
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Significant changes were assessed by moderated t-test as implemented in the limma package80 725 
with log2 FC shown on the y-axis and negative log10 P-value on the x-axis.  726 
  727 
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 728 
Figure S5. Structural alignments of G-loop neo-substrates, related to Figure 3, 4, S5, 729 
Table S5 730 
Structural G-loop alignment showing alignment of AF2 structures by the G-loop for a subset of 731 
the neo-substrate targets identified as hits in this study with CRBN (PDB ID: 5FQD). 732 
Corresponding clash scores are displayed. 733 
 734 
  735 
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 736 
Figure S6. Resolving clashes from G-loop alignments, related to Figure 3, 4, S5, Table S5 737 
(A) G-loop aligned AF2 structures for ZNF654 demonstrating the clash score and structural shift 738 
before and after relaxation with Rosetta. (B) As in A, but for PAAF1. (C) Violin plot depicting the 739 
distribution of class scores for a single G-loop from each of the identified targets in this dataset 740 
(left), and those for ZF proteins only (right). (D) Scatterplot depicting relative protein abundance 741 
following FPFT-2216 treatment in MOLT4 cells. Significant changes were assessed by 742 
moderated t-test as implemented in the limma package80 with log2 FC shown on the y-axis and 743 
negative log10 P-value on the x-axis. (E) As in A, but for DTWD1.  (F) Overlay of G-loop aligned 744 
AF2 structure of PPIL4 and structure obtained by cryo-EM. (G) Same as in (F) but with PDE6D.  745 
 746 
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 747 

 748 
Figure S7. Cryo-EM processing schematic of neosubstrate-molecular glue-CRBN-DDB1, 749 
related to Figure 4, Table 1 750 
(A) Cryo-EM processing schematic of CRBN-DDB1 (FL) with PPIL4 RRM domain and FPFT-751 
2216. (B) Cryo-EM processing schematic of CRBN-DDB1∆B with PDE6D and FPFT-2216.  752 
  753 
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