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Unveiling the hidden interactome of CRBN
molecular glues

Kheewoong Baek1,2,6, Rebecca J. Metivier1,2,6, Shourya S. Roy Burman 1,2,
Jonathan W. Bushman1,2, Hojong Yoon3,4, Ryan J. Lumpkin1,2, Julia K. Ryan1,
Dinah M. Abeja1, Megha Lakshminarayan1, Hong Yue 1,2, Samuel Ojeda1,2,
Yuan Xiong 1,2, Jianwei Che1,2, Alyssa L. Verano 1,2, Anna M. Schmoker 1,2,
Nathanael S. Gray 5, Katherine A. Donovan 1,2 & Eric S. Fischer 1,2

Induced proximity by molecular glues refers to strategies that leverage the
recruitment of proteins to facilitate their modification, regulation or degra-
dation. As prospective design of molecular glues remains challenging,
unbiased discovery methods are necessary to discover new chemical targets.
Here we establish a high throughput affinity proteomics workflow leveraging
E3 ligase activity-impaired CRBN-DDB1ΔB in cell lysates for the unbiased
identification of molecular glue targets. Bymapping the interaction landscape
of CRBN-binding molecular glues, we unveil 298 protein targets and demon-
strate the utility of enrichment methods for identifying targets overlooked by
established methods. We use a computational workflow to estimate target
confidence and perform biochemical and structural validation of unchar-
acterized neo-substrates. We further identify a lead compound for the pre-
viously untargeted non-zinc finger PPIL4 through a biochemical screen. Our
study provides a comprehensive inventory of targets chemically recruited to
CRBN and delivers a robust and scalable workflow for identifying drug-
induced protein interactions in cell lysates.

Targeted Protein Degradation (TPD) represents a promising ther-
apeutic approach to remove disease-associated proteins from cells1,2.
The process of TPD involves hijacking the ubiquitylationmachinery for
the covalent attachment of ubiquitin molecules to a desired protein of
interest, which in turn leads to degradation by the proteasome3,4.
Ubiquitin-mediated TPD utilizes two types of small molecules, mole-
cular glues5 and heterobifunctional degraders (also known as PRO-
teolysis Targeting Chimeras, or PROTACs)3, both of which chemically
induce ternary complex formation between a protein target and a
ubiquitin E3 ligase, followed by proximity-driven ubiquitylation and
subsequent degradation.

Despite the rapid growth of TPD as a therapeutic strategy, the
discovery and development of effective degraders remains challen-
ging. Heterobifunctional degraders rely on a linker to connect two
binding warheads: one for the ligase and one for the protein of
interest3,6,7. Although thismodular design offers the flexibility to target
anyproteinwith a knownbinder, the resultingmolecules oftenpossess
poor drug-like properties due to their large size. Molecular glues
present an alternative due to their small size and improved drug-like
properties. However, they lack binding to their target protein alone
and instead enhance protein-protein interactions (PPI) between a
ligase and substrate, therefore, rational design ofmolecular glues is far
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more challenging8. Over the last decade, the discovery of molecular
glue degraders heavily relied on serendipity through phenotypic
screening of large libraries of molecules and retrospective identifica-
tion of their degradation targets. Although FDA-approved molecular
glue degraders exist, including the immunomodulatory drugs (IMiDs)
thalidomide, lenalidomide, and pomalidomide, they have all been
characterized asmolecular glues in retrospect after their serendipitous
discovery. IMiD molecules bind to CRBN, a substrate receptor of the
CUL4-RBX1-DDB1-CRBN (CRL4CRBN) E3 ligase5,9–13 creating a favorable
surface for noncanonical proteins (neo-substrates) to bind for induced
degradation. Since this discovery, significant efforts into the design
and screening of unique IMiD analogs have revealed up to 50 neo-
substrates in the public domain, all carrying a glycine-containing β-
hairpin structural degron5,11,14–22. Remarkably, previously reported
computational modeling of the AlphaFold2 (AF2) structures available
in the Protein Data Bank (PDB) suggests that we are just scraping the
surface of what is targetable by these molecules14.

Given the mechanism of action (MoA) of degraders, global pro-
teome profiling has proven to be an effective tool for the identification
of protein degradation targets19,23–25. Using this approach, the target
space of degraders for multiple therapeutic target classes have been
extensively mapped for tractable targets, including kinases23,26,27,
bromo-domains28–30, HDACs31, and zinc finger (ZF) transcription
factors19. Although this method has greatly expanded the repertoire of
known targets, limited sensitivity has restricted the ability to identify
proteins with low expression levels without screening libraries of cell
lines or using target enrichment methods. This approach also remains
blind to a key aspect of these molecules: the identification of proteins
that are recruited to the ligase but do not ultimately get degraded.
Such “non-degrading glue” targets may be subject to poor lysine
accessibility, lack of degradative ubiquitin chain formation32, high
deubiquitinase activity, poor proteasome access, or other resistance
mechanisms. Nevertheless, these substrates still represent important
therapeutic targets if these factors can be overcome to convert silent
molecular glues into molecular glue degraders or functional mod-
ulators of the target.

Methods to identify chemically induced protein-protein interac-
tions include immunoprecipitation mass spectrometry (IP-MS)33 and
proximity labeling approaches coupled to mass spectrometry34,35. IP-
MS approaches have been employed for the identification of direct
protein interactions, whereas proximity labeling approaches are
commonly employed for the mapping of proximity interactomes in
cells and in vivo34,36–38, enabling the identification of protein interac-
tions within a 10-30 nm radius of the epitope-tagged protein of
interest34,36,37,39. Although these in-cell methods have demonstrated
successful identification of chemically induced interactions, they often
require extensive fine-tuning of various factors, including noise, sen-
sitivity, variability, and scalability.

In this study, we establish a simple, robust, and sensitive work-
flow involving spike in of recombinant, activity-impaired CRBN-
DDB1ΔB and degrader molecules in cell lysates to facilitate
compound-induced complex formation for high-throughput dis-
covery of degrader-induced protein-protein interactions and down-
stream development into selective tools and therapeutic candidates.
This method allowed us to build a comprehensive inventory of 298
distinct protein targets recruited to CRBN, including many unchar-
acterized zinc finger (ZF) transcription factors and proteins from
various target classes, including RNA-recognition motif (RRM)
domain proteins. We evaluate the binding potential of these targets
through structural alignment with IMiD-bound CRBN and performed
biochemical and structural validation studies on a series of non-ZF
targets. Furthermore, screening a library of ~ 6000 IMiD analogs
against a non-ZF target, PPIL4, identified a selective lead degrader
molecule, thereby presenting a blueprint for the effective target-
centric discovery of molecular glue degraders. Finally, we have

updated our open-access proteomics portal (https://v2.dfci-
fischerlab.com/) to present this quantitative interactome data
along with compound structures as a public resource.

Results
Unbiased identification of degrader-induced interactors in-
lysate
To establish a workflow for the identification of chemically induced
protein-protein interactions, we set out to simplify traditional IP-MS
methods. We hypothesized that we could create a controlled envir-
onment with reduced biological variability and enhanced scalability by
establishing a workflow in cell lysate using spiked in recombinant
protein as the bait. Our workflow harnesses small-molecule degrader-
induced ternary complex formation in cell lysate using recombinant
FLAG-tagged CRBN in complex with DDB1, excluding the BPB domain
(ΔB), which prevents CUL4 interaction to inhibit ubiquitylation of the
recruited target. After incubation, we enrich with a highly selective
antibody for the FLAG epitope tag followed by label free quantitative
proteomic assessment to identify interactors (Fig. 1a). To benchmark
and explore the viability of this approach for identification of protein-
protein interactions, we selected two representative degrader mole-
cules that have been thoroughly profiled in published reports –

pomalidomide, an IMiD molecular glue19,40 and SB1-G-187, a kinase-
targeted heterobifunctional degrader26 (Fig. 1b). To determine the
optimal quantification approach for this proteomics workflow, we
compared TMT and label-free quantification using whole cell lysates
treated with pomalidomide or SB1-G-187. Label free quantification
effectively identified published degrader targets, justifying its use in
the subsequent enrichment studies (Supplementary Fig. 1a). We then
proceeded to perform enrichment proteomics to profile these two
molecules across twodifferent cell lines,MOLT4andKelly, selected for
their orthogonal expression profiles and broad coverage of known
CRBN neo-substrates including IKZF1/3 (MOLT4) and SALL4 (Kelly)19.
The pomalidomide screen revealed 11 different enriched proteins
across these two cell lines (9 in MOLT4 and 4 in Kelly cells), which
revealed three unfamiliar targets, ASS1, ZBED3, and ZNF219 (Fig. 1c,
Supplementary Fig. 1b, c and SupplementaryData 1).We then validated
recruitment of these targets to CRBN using dose-response immuno-
blot or TR-FRET analysis (Supplementary Fig. 1d, e).

To assess the overlap of these enriched targets with published
degradation data for pomalidomide, we performed a hit comparison
with publicly available global proteomics data (https://proteomics.
fischerlab.org/), which includes ten independent pomalidomide
treatments spanning HEK293T, Kelly and MOLT4 cell lines (Fig. 1d).
Like our enrichment data, the global degradation data also maps 11
targets as degradable, however only 4 of these targets (IKZF1, IKZF3,
ZFP91 and SALL4) overlap with those that we see enriched in this
dataset. The SB1-G-187 kinase degrader screen identified 18 enriched
targets across the two cell lines (16 in MOLT4 and 7 in Kelly cells),
including multiple non-protein kinase targets, which raised the ques-
tion of how these proteins are being recruited to CRBN by a kinase
degrader (Fig. 1e, Supplementary Fig. 1f, g and Supplementary Data 1).
Assessment of the non-kinase targets revealed that several are known
to form complexes with different kinases, such as TAB1 and TAB2,
which forma functional kinase complexwithMAP3K741,42, andUNC119,
which binds to myristoylated SRC to regulate cellular localization43.
This data suggests that thesenon-kinases are being indirectly recruited
to CRBN through piggybacking on their biological complex binding
partners. Of the other recruited non-kinase targets, ZBED3 is also
identified in the pomalidomide treatment, suggesting recruitment
through the IMiD handle of the degraded, and SDR39U1 was reported
as a non-kinase target in a compound-based affinity profiling study of
kinase inhibitor probes44. Next, we assessed the differences and
overlap in hits between publicly available degradation data in MOLT4
and Kelly cells for the kinase-targeted heterobifunctional degrader,
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SB1-G-187, and enrichment data (Fig. 1e).We found 6 overlapping hits -
all protein kinases - including CDK1, IRAK1, LCK, LYN, MAP3K7, and
SRC. Like the pomalidomide data, we observe similar numbers of
proteins identified in either degradation data (15) or enrichment data
(12), demonstrating that these twomethods complement eachother to
expand the target scope of these molecules. Together, the data col-
lected for these two degrader molecules demonstrate the value of our
workflow for identifying chemically induced protein-protein interac-
tions invisible to degradation assays, while also highlighting oppor-
tunities for improving sensitivity.

Mapping the interactomes of IMiD molecular glue degraders
Next, using the functional enrichment method as a basis, we set out to
optimize and address the critical need for sensitivity and high
throughput. IP-MS experiments typically require labor-intensive sam-
ple preparation steps, which create a significant source of variability
and lead to high background and false positive rates while also placing

limits on the number of samples that can be prepared in parallel. To
address these limitations, we automated the enrichment and sample
preparation procedures to enable effective mapping of interaction
targets across libraries of molecules at scale. We incorporated a cost
effective Opentrons OT-2 liquid handling platform to automate the
sample preparation process from addition of all immunoprecipitation
components to tryptic digestion for 96 samples in parallel (Fig. 2a). To
address throughput and depth of the proteomics workflow, we took
advantage of recent updates in instrumentation (timsTOF Pro2, Bru-
ker) and acquisitionmethods (diaPASEF)45 that enable robust and high
sensitivity sampling of peptides in complex samples (Fig. 2a). In con-
trast to the data-dependent acquisition (DDA) data collected in our
proof-of-concept analysis (Fig. 1), data-independent acquisition (DIA)
measures peptides by systematically sampling all precursor ionswithin
a specified m/z range regardless of their abundance which enhances
the reproducibility and depth of peptide coverage to allow for accu-
rate and reliable quantification.
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Fig. 1 | Proof of concept for target enrichment in-lysate. a Schematic repre-
sentation of the first-generation enrichment-based quantitative proteomics work-
flow established for target enrichment and identification. Created in BioRender.
Donovan, K. (2025) https://BioRender.com/zf0fy5z. b Chemical structures of
degraders – Pomalidomide (molecular glue) and SB1-G-187 (heterobifunctional).
c Scatterplots depicting relative protein abundance following Flag-CRBN-DDB1ΔB
enrichment from in-lysate treatment with 1 µM Pomalidomide and recombinant
Flag-CRBN-DDB1ΔB spike in. Left: MOLT4 cells and Right: Kelly cells. Scatterplots

display fold change in abundance to DMSO. Significant changes were assessed by a
two-sided moderated t-test as implemented in the limma package86 with log2 FC
shown on the y-axis and log10 P-value on the x-axis. Values determined by n = 3-4
independent replicates of each treatment group. d Venn diagram showing unique
and overlapping hits for pomalidomide found in our enrichment study and in
publicly available whole cell degradation data. e As in (c), but with 1 µM SB1-G-187
treatment. f As in (d), but with SB1-G-187 treatment.
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Fig. 2 | Unveiling and mapping CRBN recruited neo-substrates. a Schematic
representation of the second-generation enrichment-based quantitative pro-
teomics workflow established for target enrichment and identification. Created in
BioRender. Donovan, K. (2025) https://BioRender.com/s22eej5. b Chemical struc-
tures of the 20CRBN-based degraders profiled in this study. c Scatterplot depicting
relative protein abundance following Flag-CRBN-DDB1ΔB enrichment from in-
lysate treatment with degrader and recombinant Flag-CRBN-DDB1ΔB spike in.
Scatterplot displays fold change in abundance to DMSO. Significant changes were
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unique and overlapping hits found in our enrichment study and in published lit-
erature. fDonut chart representing the proportions of enriched proteins contained
within the Top 10 different superfamily categories. g Donut chart representing the
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Work over the last several years has led to the identification of a
growing list of ~ 50 neo-substrates that are recruited to CRBN by IMiD
analogs for chemically induced degradation14. Validated targets
include a large number of C2H2 zinc finger ZF transcription factors
such as IKZF1/35, ZFP9118, or SALL415,19, but only a few non-ZF proteins
such as G1 to S phase transition protein 1 (GSPT1)11 and casein kinase 1
alpha (CSNK1A1)12,17. These targets do not possess any similarity, but
instead all share a common CRBN binding structural motif consisting
of an 8-residue loop that connects the two strands of a β-hairpin and
has a glycine at the sixth position (G-loop)11,12,18. A recently reported
analysis of available AlphaFold2 (AF2) predicted structures for pro-
teins in the human proteome uncovered over 2500 proteins that
harbor a G-loop potentially compatible with IMiD-recruitment to
CRBN, with C2H2 ZF proteins revealing themselves as the most pre-
valent domain class, aligning with the dominance that this class has
amongst the experimentally confirmed targets14. Due to the extensive
range of proteins that are predicted to be chemically recruitable to
CRBN, we asked how many of these proteins are already targeted by
existing chemistry, but not yet identified due to the lack of sensitivity
of existing methods. To explore the range of proteins chemically
recruited to CRBN, we screened a curated library of 20 different IMiD
analogs through our automated lysate-based IP workflow (Fig. 2b). We
assembled this library of compounds to incorporate a broad range of
IMiD-based scaffolds including the parental FDA-approved IMiDs
(thalidomide, lenalidomide, pomalidomide)46,47, where there is a high
value to identifying unique targets for drug repurposing efforts. We
included a series of IMiD analogs that areundergoing clinical trials (CC-
220, CC-92480, CC-90009)48–50 and also molecules that have demon-
strated promiscuity (FPFT-2216, CC-122)51,52. Finally, we included a
series of in-house synthesized scaffolds developed in the context of
targetingHelios (IKZF2)53 or part of an effort to diversify IMiDswith the
addition of fragments on an extended linker. We screened this library
at 1 µM concentration across MOLT4 and Kelly cell lines (including a
second 5 µM concentration for pomalidomide) and identified proteins
that were enriched in the degrader compared to DMSO control IP
treatment (Fig. 2c, Supplementary Fig. 2, 3 and Supplementary Data 2,
3). Using significance cutoffs of fold change (FC) > 1.5, P-value < 0.001,
and combining thedata fromboth cell lines, we identified a total of 298
enriched proteins (Supplementary Data 4). We rationalized that the
likelihood of observing the same proteins enriched as false positives
across multiple treatments with similar IMiD analog molecules is low,
and therefore used ‘frequency of enrichment’ as a measure of con-
fidence. We observed 102 proteins enriched in at least three inde-
pendent IPs, and each of the top 5 proteins (PATZ1, ZBED3,WIZ, IKZF2,
and ASS1) enriched in more than 20 independent IPs across the data-
base (Fig. 2d and Supplementary Data 4). Surprisingly, although pub-
lished reports have confirmed degradation of PATZ1, WIZ, and IKZF2,
none of these top 5 enriched proteins regularly feature amongst those
proteins that we commonly see reported in existing unbiased screens
of IMiD-basedmolecules, indicating the orthogonal data generated by
this profiling method can identify targets that might otherwise be
overlooked. ZBED3 and ASS1 showed frequent enrichment across our
database without any prior reporting of degradation, even at con-
centrations up to 5 µM of pomalidomide (Supplementary Fig. 1h and
Supplementary Data 4), suggesting examples of targets that are che-
mically glued to CRBN but lack productive degradation54, thus
emphasizing the benefit of alternative binding-focused approaches for
target identification. Also, important to note is that the additional
targets identified in this study are not only targets of new IMiD analogs
but are also identified as targets of IMiDs in clinical trials and with FDA
approval.

To assess the fraction of newly identified IMiD targets, we com-
pared the 298 enriched proteins to a list of literature reported targets
and discovered an overlap of only 28 targets. We identified 270 novel
targets and found only 22 targets that were reported in the literature

but not identified as hits in our study (Fig. 2e and Supplementary
Data 4)14. Considering the prevalence of C2H2 ZF transcription factors
amongst reported IMiD targets, we asked whether this dominance
holds true across our extended list of targets. To assess this, we
extracted superfamily, family, and domain information from curated
databases including InterPro55,56, Uniprot57, and Superfamily58 to cate-
gorize the targets based on studied features (Fig. 2f, g, Supplementary
Data 4). Indeed, of the 298 targets identified, after C-terminal domain
classification, the C2H2 ZF superfamily represents the largest segment,
accounting for > 14% of the targets in the top 10 enriched super-
families. This is followed by RNA-recognition motif domain proteins
(RRM, > 13%) and nucleotide-binding alpha-beta plait domain super-
families (α-β plait domain, > 12%). Notably, protein kinase-like domain
proteins also features on this top 10 list of superfamilies (kinase-like
domain, > 6.4%) which aligns with our knowledge that kinases can be
targets of IMiD molecular glues (eg, CSNK1A1 or WEE1)12,17,59 and sug-
gests that molecular glues may be a viable alternative to PROTACs,
which are widely explored for kinase targeting. Exploration of the top
10 domain classifications across the dataset shows a similar trend with
C2H2 ZF, RRM, ZF, protein kinases, and BTB/POZ domains showing the
highest representation across the targets identified (Fig. 2g).

This dataset builds upon previous identifications of protein
kinases as targets of IMiD molecules17,22,60, and further extends the
kinase list, adding CDK7, IRAK1, and TBK1 as putative molecular glue
targets. It also broadens the scope of tractable targets by introducing
multipleprotein families as targetable byCRBN-basedmolecular glues,
illustrating the extensive potential of these molecules. Through the
application of our unbiased target enrichment workflow, we have
significantly increased the number of experimentally detected IMiD
targets, expanding beyond the C2H2 ZF protein family to a wide range
of protein families, including protein kinases and proteins involved in
RNA metabolism.

G-loop alignments as a computational filter for neo-substrate
compatibility
To validate the 270 previously unreported targets, we sought to
establish a computational screening pipeline to score the compat-
ibility of targets for recruitment to CRBN. Structural studies on IMiD-
mediated CRBN neo-substrates, both natural and designed, have
established the commonG-loopmotif that is recognized by the CRBN-
IMiD complex12,61. We used MASTER62 to mine the AF2 database63 for
proteins containing G-loops with similar backbone architecture to the
G-loop in known neo-substrate CSNK1A1 (PDB: 5FQD, aa35-42),
resulting in a set of 46,040 loops across 10,926 proteins with an
R.M.S.D cutoff of less than 2 Å (Fig. 3a).

Due to structural constraints, not all these proteins are compa-
tible with CRBN. To identify CRBN-compatible proteins, we first
extracted domains containing the G-loops based on domain defini-
tions from DPAM, a tool that parses domains from AF models based
upon predicted aligned errors (PAE) and evolutionary classification64.
Next, we aligned the domains to our reference CSNK1A1-IMiD-CRBN-
DDB1ΔB structure based on the G-loop and calculated a clash score.
We used the van der Waals force term for interchain contacts in
Rosetta’s low-resolution mode65 to obtain a side-chain independent
clash estimate. Out of 16 known neo-substrates with validated G-loops
(Supplementary Data 5 and Supplementary Figs. 4 and 5), 15 had clash
scores below 2, while ZNF65440 had a score of 172, indicating a minor
clash. The clash was caused by a low confidence region in the AF2
structure and could be resolved by relaxing the complex with Rosetta
(Supplementary Fig. 6a)66. On the other hand, a protein with no evi-
dence supporting it being a neo-substrate, PAAF1, had a major clash
with a score of 1551 which could not be resolved by relaxation (Sup-
plementary Fig. 6b). Based on these examples, and analysis of the clash
scores of all hit proteins containing a clear structural G-loop in AF2
(Supplementary Fig. 6c), we filtered out domains with scores greater
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than 200 resulting in a list of 16,901 loops across 7111 proteins with
nonexistent, or marginal clashes with CRBN (Fig. 3a and Supplemen-
tary Data 5).

Zinc finger transcription factors enriched among targets
Of the 298 total enriched candidates,199 were found to have a clear
structural G-loop, with 162 having a clash score below 200. Given the

high proportion of ZF proteins identified as targets across this
enrichment database (Fig. 2f), we mapped the fold change in enrich-
ment for proteinswith an annotatedZFdomain across all 20degraders
for bothMOLT4 (Fig. 3b) and Kelly cells (Fig. 3c). Across these two cell
lines, we identified 20 previously reported and 27 new neo-substrates
as chemically recruited to CRBN.We then used our G-loop database to
inform on which of these targets have a tractable G-loop and found
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Fig. 3 | Structural alignment and assessment of ZF CRBN neo-substrates.
a Schematic representation of the computational workflow established for AF2
G-loop binding compatibility with CRBN-IMiD. b Heatmap displaying the log2 fold
change (log2 FC) of significant (P-value < 0.001) molecular glue dependent ZF
targets in MOLT4 cells. White space in the heatmap corresponds to log2FC=0 or
no quantification. Previously reported targets are marked with a blue dot, newly
reported targets are marked with a green dot, and targets with a structural G-loop
are marked with a gray dot. Significant changes were assessed by a two-sided
moderated t test as implemented in the limma package86. Values determined by

n = 4 replicates of each treatment group. c As in (b), but with Kelly cells. d Venn
diagram showing unique and overlapping ZF hits comparing MOLT4 and Kelly cell
targets. e Stacked bar plot showing the proportion of targets complexed and
degraded by each of the indicated IMiD molecules. “not seen” indicates enriched
targets were not quantified in global proteomics studies. “seen, degraded” indi-
cates enriched targets quantified and reported as degraded in global proteomics.
“seen, not degraded” indicates enriched targets were quantified but not degraded
in global proteomics19. f Pie chart displays the IMiD-grouped data from (e).
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that only five of the 47 identified targets do not contain a structural
G-loop (Fig. 3c and Supplementary Data 5). Given what we know about
the recruitment and binding of CRBN neo-substrates, targets usually
bind through a dominant structural hairpin. Since we do not have
validated degron information for all these ZF targets, we assumed that
the G-loop with the lowest clash score has the highest likelihood to
bind and therefore proceededwith the evaluation of a singleG-loop for
each target. To gauge how the clash scores for these ZF targets com-
pare to all hits in theG-loopdatabase, we compared the clash scores for
our ZF targets to those of all hits (Supplementary Fig. 6c), demon-
strating a pronounced trend towards lower scores for
ZF targets, suggesting fewer unfavorable interactions (Supplementary
Fig. 4, 5). Notably, when we explored the ZF hits with higher clash
scores (> 10) and > 3 hit frequency, we realized that almost all of these
have a reported association with at least one of the validated hits –

ZMYND8 (cs 455, binds to ZNF687), and RNF166 (cs 17, binds to
ZNF653/ZBTB39/ZNF827) – which also offers the possibility that these
proteins could be collateral targets, recruited via piggybacking on their
binding partners, the direct binders (Supplementary Data 4). Finally,
we comparedZF targets across the two cell lines as an additionalmeans
for validation, and found 10 overlapping proteins, 5 of which are novel
recruited targets (ZBED3, MNAT1, MTA2, ZBTB44, TRIM28) (Fig. 3d).

There are many factors to take into consideration when looking
to predict target degradability, such as ternary complex
formation26,31,67 and target ubiquitylation12,32,68–70, and multiple stu-
dies have placed an emphasis on exploring their role in driving pro-
ductive degradation71,72. For degrader-induced degradation to occur,
a ternary complex consisting of ligase-degrader-target needs to form
for proximity-mediated ubiquitin transfer to the target protein.
Because ternary complex formation is necessary for successful pro-
tein degradation, we set out to explore the relationship between
ternary complex formation and degradation for ZF targets identified
in this study. We focused our evaluation on the parental IMiD
molecules, which have been subjected to degradation target profil-
ing using unbiased global proteomics analysis across a panel of four
cell lines (SK-N-DZ, Kelly, MM.1S, hES)19. Comparison of the enriched
ZF targets to the published degradation data shows a consistent
trend across the three IMiDs, where only ~ 30% of the enriched tar-
gets that were quantified in global proteomics studies were degra-
ded, with ~ 60% of the targets quantified but not reported as
degraded (Fig. 3e and Supplementary Data 5). The data was then
grouped to allow a global comparison of the enriched versus
degraded IMiD targets. The comparison revealed that of the 31 ZF
targets enriched across these three molecular glues, only 11 of the 29
proteins quantified in global proteomics experiments were found to
be degraded (Fig. 3f and Supplementary Data 5). 18 proteins were
quantified in global proteomics but were not identified as degraded.
This prompted us to question whether these targets were resistant to
degradation by IMiDs and their analogs, or if they were not identified
as degraded due to experimental limitations such as inadequate
sensitivity to detect minor changes in protein abundance, rapid
protein turnover, or suboptimal experimental conditions. We found
that although several of the targets (WIZ, PATZ1, ZNF687, ZMYM2,
and HIC2) were not reported as degraded in Donovan et al.19, they
have since been reported as degraded in other published
studies40,73,74, confirming that IPs provide a complementary approach
able to overcome limitations in sensitivity. The absence of degrada-
tion data for the remaining targets could imply that these targets are
resistant to degradation, or similar to the above proteins, the
appropriate degradation experiment has yet to be performed. These
data demonstrate that our IP workflow provides a significant
advantage over global proteomics analysis by enabling selective
isolation and enrichment of targets that may be below the change in
abundance threshold for consistent identification with global pro-
teomics approaches.

IMiD derived molecular glues recruit hundreds of non-zinc fin-
ger proteins
The largest target class of CRBN neo-substrates today are ZF- con-
taining proteins, however, of the ~ 20,000 proteins in the human
proteome, ZF containing proteins only make up a relatively small
proportion with about ~ 1700 ZF proteins reported75. So far, only a
handful of targets are reported to lack a ZF motif, which includes
GSPT111, CSNK1A112,17, PDE6D76, and RAB2876. With this in mind, we
examinedour list of targetedproteinswith a focus on those thatdonot
contain a reported ZF domain and found 251 non-ZF proteins enriched
across the IP dataset (Fig. 4a and Supplementary Data 4). These non-ZF
proteins include a wide range of families such as protein kinases
(IRAK1, TBK1, CDK7), RNA recognition motif proteins (ELAVL1, PPIL4,
CSTF2, RBM45), metabolic enzymes (ASS1, PAICS, ACLY, CS, ACADVL),
translational proteins (MARS1, ETF1, EEF1E1, EIF4B) andmore spanning
different biological pathways. To assist in establishing confidence in
some of these targets, we performed a comparison of the non-ZF
targets enriched in the two tested cell lines and found 39 targets were
identified in both MOLT4 and Kelly cells, including the four above
mentioned targets (Fig. 4a, b). We then assessed the AF2 structures of
each of these 39 proteins and found that almost all of them (33/39)
contain a structural G-loop (Fig. 4b, Supplementary Fig. 5 and Sup-
plementary Data 5).

Given the large number of non-ZF targets identified in this study
and the lack of emphasis in the public domain with regard to non-ZF
CRBN neo-substrates, we selected a series of non-ZF proteins for fur-
ther experimental validation. Three of these four selected proteins
were identified as enriched in both cell lines (Fig. 4b), whereas DTWD1
wasonly identified in Kelly cells. Firstly, to demonstrate that these neo-
substrates are directly recruited to CRBN, we examined ternary com-
plex formation using recombinant purified proteins. Using two of the
more promiscuousmolecular glues, pomalidomide and FPFT-2216, we
tested previous reported degradation targets PDE6D, RAB28, and
DTWD1, along with a newly discovered target PPIL4. Indeed, PDE6D,
DTWD1, and PPIL4 formed compound dependent ternary complex
with CRBN at varying effective concentrations (Fig. 4c). However,
RAB28, which was previously reported to be degraded by IMiDs19 and
FPFT-221676, did not show any evidence for direct binding to CRBN
using purified proteins. Since RAB28 has previously been reported as a
CRBN neo-substrate and consistently scored across our enrichment
study, we explored whether there was any evidence suggesting that
RAB28 could be a collateral target. Exploration of protein-protein
interaction databases, including BioPlex33 and STRING-DB77 revealed
that RAB28 is known to bind to two validated IMiD-CRBN neo-sub-
strates, PDE6D and ZNF653 (Supplementary Data 4), suggesting that
RAB28 is likely an indirectly recruited target. These data demonstrate
that in addition to identifying direct binders, we can also identify
indirect binding partners that may be simultaneously recruited toge-
ther with direct binding neo-substrates.

As targeted protein degradation requires not only recruitment to
CRBN but also CRBN-mediated ubiquitin transfer for degradation, we
monitored whether the recruited proteins can be ubiquitylated by
CRL4CRBN. In vitro ubiquitylation assays showed robust ubiquitin
modification on all 3 recruited non-ZF proteins in the presence of
pomalidomide or FPFT-2216 (Fig. 4d). In addition, all three of these
targets were degraded in response to IMiD treatment as observed by
global proteomics analysis (Supplementary Fig. 6d and Supplementary
Data 5). Using structural G-loop alignments, we then assessed the
potential for each of these three proteins to bind to IMiD-CRBN and
found that all three proteins had a G-loop with a clash score of < 200
(Fig. 4e). However, the aligned clash score for DTWD1 was relatively
high and approaching the upper 200 thresholds (cs 198). We per-
formed relaxation with Rosetta and found that this reduced the clash
score to 1.58 by allowingminor shifts in the overall conformationwhile
retaining the structural G-loop (Supplementary Fig. 6e). This process
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demonstrates that in some cases, clash scores can be relieved through
minor structural rearrangements using Rosetta relax.

To expand our understanding of the recruitment of non-ZF
targets, we determined cryo-EM structures of CRBN-DDB1ΔB-
FPFT-2216 bound to PPIL4 and PDE6D, respectively (Fig. 4f,

Supplementary Fig. 7 and Table 1). The complex structures were
both refined to a global resolution of around 3.4 Å, and the
quality of the resulting maps were sufficient to dock the complex
components, but the flexibly tethered PPIL4 resulted in a lower
local resolution. We were able to observe PPIL4 engagement with
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Fig. 4 | Assessment and validation of CRBN non-ZF neo-substrates. a Venn
diagram showing unique and overlapping non-ZF hits comparingMOLT4 and Kelly
cell targets. b Heatmap displaying the log2 fold change (log2 FC) for the 39 over-
lapping hits from (a). White space in the heatmap corresponds to log2FC=0 or no
quantification. Previously reported targets are marked with a blue dot, newly
reported targets are marked with a green dot, and targets with a structural G-loop
are marked with a gray dot. Significant changes were assessed by a two-sided
moderated t test as implemented in the limma package86. Values determined by
n = 4 replicates of each treatment group. c TR-FRET with titration of FPFT-2216 or
pomalidomide to N-terminally biotinylated FL PDE6D, DTWD1, PPIL4 or RAB28 at
20nM, incubated with terbium-streptavidin at 2 nM to monitor binding to GFP-

CRBN-DDB1ΔB at 200nM. Values were determined by technical replicates of n = 2.
d Immunoblots of ubiquitylation assay establishing PDE6D, DTWD1, and PPIL4 as
FPFT-2216 and pomalidomide-induced neo-substrates of CRBN. e Structural G-loop
alignment of AF2 PPIL4, PDE6D, and DTWD1 with CRBN-DDB1ΔB (PDB ID 5FQD,
6UML). The corresponding clash score is displayed. fCryo-EM3D reconstructionof
PPIL4-RRM bound in ternary complex with FPFT-2216-CRBN-DDB1 FL, and PDE6D
bound with FPFT-2216-CRBN-DDB1ΔB. Maps are postprocessed with
DeepEMhancer93. Inset of each shows the potential bindingmodeof action of FPFT-
2216 engaging PPIL4 or PDE6D via neo-substrate G-loop and its interacting
residues.
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FPFT-2216-CRBN via its Gly278 harboring G-loop, as expected
from the G-loop alignment, as well as for PDE6D via its Gly28
G-loop. Furthermore, overall density allowed fitting of FPFT-2216
in bulk, showing that the glutarimide ring engages CRBN’s bind-
ing pocket in a similar manner to other IMiD molecular glues. The
triazole interacts with the backbone of the G-loop, and the
methoxythiophene moiety potentially contacts both the PPIL4
backbone of the G-loop and Arg273. This suggests that the tria-
zole and the methoxythiophene moieties could provide specifi-
city elements to FPFT-2216-mediated neo-substrate recruitment.
The methoxythiophene moiety also engaged Arg23 of PDE6D,
indicating that FPFT-2216 potentially derives specificity in enga-
ging an arginine residue from its neo-substrates. Analysis of the
non-ZF targets of FPFT-2216 revealed several other proteins har-
boring an arginine or a lysine residue at this sequence location
(PDE6D, SCYL1, RBM45, PPIL4). Finally, we compared the experi-
mental structure to the AF2 predicted G-loop aligned structure of
PPIL4 (Supplementary Fig. 6f). The G-loop aligned structure of

PPIL4 presented a clash score of 3.38, which showed the
C-terminal region of CRBN around residue Arg373 to have a minor
clash with PPIL4’s loop harboring residue Val250. Although the
low resolution permitted only backbone-level fitting of PPIL4, we
observed that the cryo-EM structure revealed a small shift in the
RRM domain of PPIL4 to accommodate this minor clash sug-
gested in the G-loop aligned structure while retaining overall
conformational similarity of the G-loop (Supplementary Fig. 6f).
Meanwhile, PDE6D retained overall similar conformation with
minor shifts that did not alter the interaction with CRBN (Sup-
plementary Fig. 6g, h).

Together, these data demonstrate that RRM domain-containing
proteins represent an additional class of proteins targetable through
CRBN-dependent molecular glues. Using structural modeling, we
increase confidence in these targets while also providing a reminder
that structural analysis and AF2 predicted structures are staticmodels,
and although they provide excellent structural guidance, we need to
keep in mind that proteins in solution are flexible and dynamic.

Table 1 | Data collection and refinement statistics for cryo-EM datasets

CRBN-DDB1 FPFT-2216 PPIL4 RRM CRBN-DDB1ΔB FPFT-2216-PDE6D Con-
sensus refine

CRBN-DDB1ΔB FPFT-2216-PDE6D
Local refine

Microscope Talos Arctica Talos Arctica

Voltage (kV) 200 200

Camera Gatan K3 Gatan K3

Magnification (X) 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 4170 4474

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

EMDB accession code EMD-47268 EMD-47269 EMD-47270

PDB accession code PDB-9DWV PDB-9DWW

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

Bond root-mean-square deviation (RMSD)

Lengths (Å) 0.005 0.005

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
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Discovery of a selective molecular glue for PPIL4
While the proteomics-based screening workflow identifies novel
putative CRBN targets and provides initial chemical matter, it does not
necessarily provide the best starting point for developing a chemical
probe or therapeutic due to the limited number of molecules
screened. We hypothesized that this limitation could be overcome by
following up proteomics screening with a target-centric screen of a
larger CRBN binder library to identify the optimal chemical starting
point. To test this, we set out to identify PPIL4 targeting molecular
glues with improved selectivity and lacking the triazole moiety. We
employed an IMiD molecular glue library consisting of ~ 6000 com-
pounds of various IMiD analogs that were either synthesized in-house
or purchased externally. We screened this library against PPIL4 using
TR-FRET to measure compound-induced PPIL4 recruitment to CRBN
(Fig. 5a). TR-FRET ratios were obtained by incubating the library with
GFP-fused CRBN-DDB1ΔB and Tb-labeled streptavidin coupled to
biotinylated PPIL4. The library was compared relative to the positive
control, whereby the 520/490 ratio of FPFT-2216 at 10 µM was nor-
malized as 1, and compounds were tested at 1.66 µMor 3.33 µM to find
hits with equal or improved efficacy in directly recruiting PPIL4 to
CRBN-DDB1ΔB. We were able to narrow down the library to two
molecules that performed similar or better than FPFT-2216 (Fig. 5b).
These lead compounds were subject to a full titration to assess
recruitment efficacy by TR-FRET. Ultimately, after recognizing one of
the two hits was due to autofluorescence, we were able to identify a
molecule, Z6466608628, that produced a higher 520/490 ratio, and a
better EC50of 0.34 µMcompared toFPFT-2216,measured at 1.05 µMin
this experiment (Fig. 5c, d).

To test the efficacy and selectivity of our lead compound, we first
performed IP-MS in comparison with FPFT-2216 in Kelly cell lysate.
While FPFT-2216 recruited numerous proteins, Z6466608628 selec-
tively recruited PPIL4, along with its known binding partner DHX40
(Fig. 5e and Supplementary Data 5). Global quantitative proteomics in
MOLT4 cells then confirmed that Z6466608628 can induce selective,
but modest downregulation of PPIL4 (Fig. 5f and Supplementary
Data 5). We then performed western blot analysis to confirm dose-
dependent depletion of PPIL4 (Supplementary Fig. 8a) and in vitro
ubiquitylation over time (Supplementary Fig. 8b). Despite effective
ubiquitylation, the data show incomplete degradation of cellular PPIL4
even at the high 10 µM treatment concentration. PPIL4 is known as a
regulator of the spliceosome, and the structure of PPIL4 bound to the
BACR spliceosome is reported78. Aligning PPIL4 bound to the BACR spli-
ceosome to our CRBN-FPFT-2216-PPIL4 ternary complex shows that
the conformation of PPIL4 bound to the spliceosome would occlude
PPIL4 recruitment to CRBN through molecular glues (Supplementary
Fig. 8c), which would also hinder its ubiquitylation. This provides one
of many potential explanations as to why PPIL4 is not completely
degraded even with higher doses of compound.

The identification of a selective PPIL4 recruiter/degrader from a
single hit in a screen of over 6000 compounds is remarkable. This led
us to explore whether analyzing similar scaffolds could provide
insights into the structure-activity relationship. Z6466608628 con-
tains an extended phenylpiperazine group with a backbone of lenali-
domide. While it is difficult to compare Z6466608628 with FPFT-2216
due to its largely different pharmacophore, molecular docking of
Z6466608628 potentially points to why this molecule, which has an
extended phenylpiperazine group with a lenalidomide backbone,
outperforms lenalidomide (Fig. 5g). The phenylpiperazine group may
interact with CRBN’s Glu377, potentially stabilizing its interaction with
CRBN by promoting a rigid conformation of the phthalimide, which
could then engage with the G-loop backbone or residue Trp275 of
PPIL4. We created a pool of related compounds that alter the end
terminal basic nitrogen that interacts with CRBN’s Glu377 and assessed
their ability to recruit PPIL4 to CRBN. The data reveals that

modification at this site on the molecule leads to a significant loss of
bindingbyTR-FRET (Fig. 5h, i). Thesedata collectively demonstrate the
complete workflow, starting from the identification of a novel non-ZF
target PPIL4 in an affinity proteomics screen, to the discovery of a
PPIL4-selective molecular glue that would serve as an excellent lead
molecule for structural optimization.

Discussion
Targeted protein degradation and induced proximity are part of a
rapidly expanding field focused on the development of small mole-
cules that leverage induced neo-protein-protein interactions to drive
pharmacology. In this study, we develop and showcase a workflow for
high-sensitivity, unbiased target identification of degraders and non-
degrading molecular glues, identifying more than 290 targets recrui-
ted to CRBN by IMiD-like molecules. We demonstrate that this
approach to target identification can reveal critical insights and targets
that are missed by traditional screening methodologies and provide a
blueprint for a discoveryworkflow from screening to optimization and
structure-guided design of molecular glue degraders.

Thalidomide and its derivatives, lenalidomide and pomalido-
mide (IMiDs), have had a checkered past. Thesemolecules have been
in use for a variety of indications, on and off, since the 1950’s and
have experienced perhaps the greatest turnaround in drug history.
From devastating birth defects to effective hematological cancer
therapy, and more recently, significant investment in utilizing these
molecules for TPD-based therapeutics. While a decade of research
has slowly uncovered around 50 reported neo-substrates of IMiD’s,
thousands of proteins harbor structural G-loops that have the
potential for recruitment to CRBN by IMiD molecules. Our simple,
cost-effective, and highly scalable unbiased screening workflow
combines whole cell lysate with recombinant Flag-CRBN and degra-
ders to enrich target binders from the complex proteome. Through
an IMiD-analog screen across two cell lines, we mapped a significant
expansionof theneo-substrate repertoire by identifying 298proteins
recruited to CRBN, with 270 of these being novel targets. Unlike
many current high-throughput screeningworkflows that focus on the
endpoint – degradation, this workflow allows us to explore the fun-
damental first step of proximity induced degradation – recruitment,
where we are now able to identify targets that are directly or indir-
ectly recruited to CRBN. This sensitive workflow sheds light onto a
previously unchartered element of the molecular gluemechanism of
action and establishes insights into how and why certain molecular
glues may exhibit higher efficacy than others. We discovered targets
recruited to CRBN that are resistant to degradation, providing
numerous examples of targets being glued to CRBN without pro-
ductive degradation54. Exploration of two of these targets, ASS1 and
ZBED3, does not offer any clues as to why they are not degraded,
since both have reported ubiquitylated sites79. Numerous possibi-
lities exist, from these targets being tightly preoccupied by other
binding partners, geometric constraints leading to inaccessibility of
lysines, removal of ubiquitylation by deubiquitinases, or preclusion
of the catalytic sites due to size and shape preventing active ubi-
quitylation. It is important to note that the non-degrading functions
of these molecular glues may have interesting degradation-
independent pharmacology that have not yet been investigated,
thus providing an opportunity for future experimental research.

The comprehensive G-loop database provided us with prefiltered
insights as to whether these targets have the potential to be recruited
to CRBN through the currently established mechanism of G-loop
binding. However, although most targets identified in this study do
have a structural G-loop, we do have numerous instances of proteins
that do not harbor a G-loop. Some of these targets do have a struc-
turally similar hairpin motif but are lacking the ‘essential’ glycine in
position six.Whereas other targets did not have this structuralmotif at
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all. These findings indicate the potential for alternative recruitment
mechanisms, such as proteins piggybacking on a direct G-loop carry-
ing target. This concept of collateral (or bystander) targeting was also
demonstrated in a study exploring HDAC degradability, where it was
found that bothHDACs and their knowncomplex bindingpartners can
be degraded31. Alternatively, and perhaps more intriguingly, the
potential for recruitment of proteins through a distinct structural

motif suggesting there may be uncharacterized binding mechanisms
that are pending discovery. The potential capacity for IMiDs to yield
interfaces favorable for the recruitment of various structural motifs
would considerably expand the diversity of CRBN neo-substrates and
broaden therapeutic applications80.

Amongst the targets identified in this study, we not only dis-
covered many C2H2 ZF transcription factor targets but also extended
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targets beyond C2H2 ZF proteins, into additional classes of proteins
such as those containing RNA recognition motif (RRM) domains and
kinase domains, confirming that CRBN is an incredibly versatile ligase
and very well suited to hijacking for TPD applications. We reveal 251
non-ZF targets, a dramatic increase in the breadth and number of
proteins targeted by CRBN from the currently reported targets of less
than a dozen. Binding data using TR-FRET on a selection of these tar-
gets validates their direct interaction mechanism, and structural
characterization further corroborates this binding while validating the
generated G-loop alignment database as a tool to assist prioritization
of targets using clash score assessment. Using the accumulative data,
we selected a non-ZF neo-substrate, PPIL4, for additional screening to
illustrate the utility of this workflow for prioritization efforts. After a
biochemical ternary complex recruitment screenof around6000 IMiD
analogs, we selected a single hit compound and used affinity pro-
teomics to confirm selective recruitment of PPIL4 to CRBN. A small
SAR library around this lenalidomide-based scaffold suggests the
importance of the phenylpiperazine group for stabilizing the interac-
tion with CRBN and enabling selective recruitment of PPIL4. Genomic
studies have reported that PPIL4 is essential for brain-specific angio-
genesis and has implications in intracranial aneurysms81, and is known
to regulate the catalytic activation of the spliceosome78. Thus, this
molecular glue could be of great interest to target the splicing path-
way, in relation to intracranial aneurysms, or in other contexts.

We believe our optimized workflow and comprehensive data
package, along with outlining specific applications of these, provides
a valuable resource for the chemical biology, drug discovery, and
induced proximity communities. Importantly, the workflow is nei-
ther limited to CRBN nor to TPD but rather can be applied to any
induced proximity application. We expect the enrichment workflow
will provide a blueprint for expansion into target identification for
induced proximity platforms, as well as further expansion of targets
for protein degraders beyond molecular glues. Through initial
scouting efforts on heterobifunctional degraders and additional
ligases, we are confident there are many exciting discoveries to be
made with already existing chemistry, and we envision this as an
evolving resource where we will continue to release data as it
becomes available.

Methods
Materials & correspondence
Small molecules described in this study will be made available on
request, upon completion of a Materials Transfer Agreement. Further
information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Eric S. Fischer
(Eric_Fischer@DFCI.HARVARD.EDU).

Mammalian cell culture
MOLT4 (ATCC: CRL-1582) and Kelly (Sigma: 92110411) cells were cul-
tured in RPMI-1640 media supplemented with 10% fetal bovine serum
and 2mM L-glutamine and grown in a 37 °C incubator with 5% CO2.

Insect cell culture
High Five insect cells were cultured at 27 °C in SF-4 Baculo Express ICM
medium (BioConcept) in suspension. Sf9 insect cells were cultured at
27 °C in ESF 921 medium (Expression Systems).

Immunoprecipitation
A total of 1 × 107 cells per IP were collected and lysed in lysis buffer
(50mM Tris pH 8, 200mM NaCl, 2mM TCEP, 0.1% NP-40, 10 units
turbonuclease/200 µL buffer, 1x cOmplete protease inhibitor tablet,
Sigma-Aldrich/5mL buffer) and sonicated on ice for 5 rounds of 2 s
followed by 10 s pauses at 25% amplitude. After centrifugation clar-
ification, the lysate was transferred to new lobind tubes. 20 µg of Flag-
CRBN-DDB1ΔB, 1 µM of MLN4924 and CSN5i-3 (neddylation trap)82,
and 1 µM of selected degraders (purchased from MedChemExpress or
obtained from the Bradner orGray labs) or DMSO vehicle control were
added to each lysate and incubated with end-over-end rotation for 1 h
in the cold room. 20 µL of pre-washed and resuspended M2-Flag
magnetic bead slurry was added to each IP and incubated with end-
over-end rotation for 1 h in the cold room. Beads were washed with
wash buffer (50mM Tris pH 8, 2mM TCEP, 0.1% NP-40, 1x cOmplete
protease inhibitor tablet/5mL buffer) containing the respective com-
pounds, followed by a specific elutionmethod for the next application
(immunoblot or mass spectrometry).

Samples prepared on the OT2 followed the same procedures as
above, but using scaled-down equivalents of reagents. After the three
detergent washes described above, the samples were washed an
additional three times with non-detergent buffer (50mM Tris pH 8,
2mM TCEP, 1x cOmplete protease inhibitor tablet/5mL buffer) con-
taining the required compounds prior to appropriate elution
described below.

Immunoblot
IP samples were eluted by resuspension in SDS sample buffer and
heated at 95 °C for 5 min. Samples were run on 4-20% Mini-
PROTEAN TGX Precast Protein gels (Bio-Rad). Protein was trans-
ferred to PVDF membranes using the iBlot 2.0 dry blotting system
(Thermo Fisher Scientific). Membranes were blocked with Inter-
cept blocking solution (LiCor), washed three times with PBST and
incubated with primary antibodies (Anti-ASS1 1:1000, Cell Sig-
naling Technology, Cat# 70720, Anti-PPIL4 1:500, Sigma, Cat#
HPA031600, Anti-Strep II 1:4000, AbCam, ab76950) diluted using
Intercept® T20 (PBS) Antibody Diluent, overnight at 4 °C, fol-
lowed by three washes with PBST and incubation with secondary
antibodies (Anti-Rabbit IgG 1:4000, Licor, Cat# 92632211) for 1 h
in the dark. The membrane was washed three final times in PBST
and imaged on the Odyssey LCx imaging system (LiCor).

Cloning and protein expression
All proteins are derived from human origin sequences. ZBED3 (resi-
dues 39–108), ZNF219 (residues 53–110) were cloned into pGEX4T1-
TEV vectors with C-terminal Avi-Strep fusion. These were expressed in

Fig. 5 | High throughput IMiD analog library screen for improved hitmolecules
for PPIL4. a Schematic of the high-throughput TR-FRET screening workflow used
to screen > 6000 IMiD analogs. Created in BioRender. Donovan, K. (2025) https://
BioRender.com/uwuaveg. b TR-FRET: Normalized 520/490 ratio for each of the
> 6000 compounds derived from IMiDmolecules combined from the Gray/Fischer
laboratories and those purchased from Enaminewith GFP-CRBN-DDB1ΔB at 50nM,
biotinylated PPIL4 at 20 nM, and terbium-streptavidin at 2 nM. c TR-FRET: titration
of FPFT-2216 and lead compounds to GFP-CRBN-DDB1ΔB at (200nM), biotinylated
PPIL4 at 20nM, and terbium-streptavidin at 2 nM. Values were determined by
technical replicates of n = 2.dChemical structures of FPFT-2216 alongside new lead
compound from (b) and (c). e Scatterplot depicting relative protein abundance
following Flag-CRBN-DDB1ΔB enrichment from Kelly cell in-lysate treatment with
FPFT-2216 (left) and Z6466608628 (right) and recombinant Flag-CRBN-DDB1ΔB

spike in. Scatterplot displays fold change in abundance to DMSO. Significant
changes were assessed by a two-sided moderated t test as implemented in the
limma package86 with log2 FC shown on the y-axis and log10 P-value on the x-axis. f.
Scatterplot depicting relative protein abundance following Z6466608628 treat-
ment inMOLT4cells. Significant changeswere assessedby a two-sidedmoderated t
test as implemented in the limma package86 with log2 FC shown on the y-axis and
log10 P-value on the x-axis. gDockingmodel of CRBN-Z6466608628-PPIL4 showing
the terminal nitrogen’s interaction with CRBN Glu377. h TR-FRET comparing
Z6466608628 and its structural analogs’ ability to recruit PPIL4 to CRBN. GFP-
CRBN-DDB1ΔB at (200 nM), biotinylated PPIL4 at 50nM, and terbium-streptavidin
at 2 nM were used. Values were determined by technical replicates of n = 2.
i Compound structures tested, aligned with their strength for inducing ternary
complex formation.
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LOBSTR BL21(DE3) E. coli, purified by GST-affinity, followed by lib-
eration of the GST-tag by overnight TEV protease incubation, ion
exchange chromatography, and size exclusion chromatography into a
final buffer of 25mM HEPES, 200mM NaCl, and 1mM TCEP, pH 7.5.
UBE2D3, UBE2G1, and UBE2M were cloned into pGEX4T1-TEV vectors,
and NEDD8 was cloned into pGEX4T1-3C vector. Purification of these
proteins were performed as described above. APPBP1-UBA3 was
cloned into a pET-based vector and expressed in LOBSTR BL21(DE3) E.
coli, purified by nickel affinity, ion exchange chromatography, and size
exclusion chromatography into a final buffer of 25mM HEPES,
200mM NaCl, and 1mM TCEP, pH 7.5. Ubiquitin was cloned into a
pET3a vector and was expressed in Rosetta BL21(DE3) E. coli. Ubiquitin
was purified by SP Sepharose resin at pH 4 and was subject to size
exclusion chromatography into a final buffer of 25mMHEPES, 150mM
NaCl, 1mM TCEP, pH 7.5. PDE6D, DTWD1, PPIL4, PPIL4 RRM (residues
240–318), and RAB28 were cloned into pAC8-Strep-Avi vectors.
Baculoviruswas generated in Spodoptera frugiperda cells, and proteins
were expressed in Trichoplusia ni cells. These were purified by Strep
affinity, followed by ion exchange chromatography and size exclusion
chromatography into 25mM HEPES, 200mM NaCl, and 1mM TCEP,
pH 7.5. GST-TEV-CRBN, GST-TEV-eGFP-CRBN, DDB1, GST-TEV-UBA1,
CUL4A (residues 38-C), RBX1 (residues 5-C) were cloned into pLIB
vectors. His-TEV-DDB1ΔB (Δresidues 396–705 with a GNGNSG linker)
and Flag-Spy-CRBN were cloned into a pAC8 vector. CRBN and DDB1
were coexpressed in the following pairs, CRBN-DDB1, CRBN-DDB1ΔB,
Flag-CRBN-DDB1ΔB, and eGFP-CRBN-DDB1ΔB, purifiedbyGST-affinity,
followed by TEV cleavage overnight, ion exchange chromatography,
and size exclusion chromatography into 25mM HEPES, 150mM NaCl,
1mM TCEP, pH 7.5. CUL4A and RBX1 were coexpressed, CUL4-RBX1
and UBA1 were purified as described above.

Time-resolved fluorescence resonance energy transfer
(TR-FRET)
Ternary complex formation of CRBN-DDB1, neo-substrate, and com-
pound was measured by TR-FRET. 20nM or 50nM biotinylated neo-
substrate, 2 nM Tb (CoraFluor-1)-labeled Streptavidin (R&D Systems,
Cat#7920/20U), and 200 nMeGFP-CRBN-DDB1ΔBwere added in assay
buffer (25mM HEPES, 100mM NaCl, 0.5% Tween-20 (Sigma-Aldrich,
Cat#9005-64-5), and 0.5% BSA (Cell Signaling, Cat#9998S)). This
reaction mix was added to a 384 well microplate, and the compound
was titrated to indicated concentrations using a D300e Digital Dis-
penser (HP). Reaction was incubated at room temperature for 1 h and
wasmeasured using a PHERAstar FSmicroplate reader (BMG Labtech).
The 520 nm/490nm signal ratio was measured to calculate ternary
complex formation, and datapoints were plotted to calculate EC50
values by using agonist versus response variable slope (four parameter
model) in Graphpad Prism (v10.1.1).

In-vitro ubiquitylation assay
Ubiquitylation of neo-substrates was performed by premixing
500 nM neddylated CRL4CRBN, 2 µM UBE2D3, 2 µM UBE2G1, 200 nM
UBA1, 500 nM Strep tagged-neo-substrate, and 10 µM compound in
assay buffer (25mM HEPES, 100mM NaCl, 10mM MgCl2, 5mM ATP,
pH 7.5). This mixture was incubated for 15min on ice, and the reac-
tionwas started by adding 60 µMubiquitin at room temperature. The
sample was quenched by the addition of SDS sample buffer, and
reaction products were separated on 4-20% SDS-PAGE gels. The assay
was analyzed by immunoblotting as described above. Neddylation of
CUL4-RBX1 was performed through incubation of 12 µM CUL4-RBX1,
1 µM UBE2M, 0.2 µM APPBP1-UBA3, 25 µM NEDD8 at room tempera-
ture for 10min in assay buffer (25mM HEPES, 100mM NaCl, 10mM
MgCl2, 5mM ATP, pH 7.5)83. Reaction was quenched by the addition
of 10mM DTT and was purified by size exclusion chromatography
into buffer containing 25mM HEPES, 150mM NaCl, 1 mM
TCEP, pH 7.5.

Cryo-EM sample preparation and Data processing
10 µM CRBN-DDB1ΔB, 20 µM PPIL4 RRM or PDE6D, and 100 µM FPFT-
2216 were incubated on ice for 30min in buffer containing 25mM
HEPES, 150mM NaCl, 1mM TCEP, pH 7.5. The protein complex was
diluted to 1.5 µM final concentration before application to grids.
Quantifoil UltraAuFoil grids (R0.6/1) were glow discharged at 20mA
for 2min. Prior to complex application, 4 µL of 10 µM CRBN-agnostic
IKZF1 (residues 140–196, harboring mutants Q146A, G151N) was
applied to saturate the air-water interface84,85. After 1min, the grid was
blotted from the back, and complex was applied, and immediately
plunged into liquid ethane.

The dataset was collected on a Talos Arctica at 200 kV equipped
with a Gatan K3 direct detector in counting mode. Movies were col-
lected with a total dose of 54 e−/Å2 over 40 frames, at 1.1 Å/pixel with a
nominal magnification of 36,000x, with a defocus range of −0.8 µm
to − 2.0 µm.

Sample preparation for immunoprecipitation mass spectro-
metry (IP-MS)
Immunoprecipitation (IP) was performed as described above with
three or four replicates for each treatment. Controls included a DMSO
vehicle control and pomalidomide as a positive control since it has an
established target profile. After the final wash step, samples were
eluted using 0.1M Glycine-HCl, pH 2.7. Tris (1M, pH 8.5) was added to
the elution to reach a pH of 8. Samples were then reduced with 10mM
TCEP for 30min at room temperature, followed by alkylation with
15mM iodoacetamide for 45min at room temperature in the dark.
Alkylation was quenched by the addition of 10mMDTT. Proteins were
isolated by methanol-chloroform precipitation (only for manual IPs.
Automated IPs undergo three non-detergent washes instead). The
protein pellets were dried and then resuspended in 50μL 200mM
EPPS pH 8.0. The resuspended protein samples were digested with
2μg LysC and 1μg Trypsin overnight 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 recon-
stituted in 0.1% formic acid for LC-MS analysis.

Whole cell treatment and sample preparation for global
proteomics
Experiment wp-esf_118 (TMT quantification) included treatment of
MOLT4 cells with DMSO vehicle control (n = 3) or 1 µM FPFT-2216
(n = 3) for 5 hrs. Experiment wp-esf_588 (label free quantification)
included treatment of MOLT4 cells with DMSO vehicle control (n = 4)
or 1 µM of Z6466608628 (n = 2) for 5 hrs. All cells were harvested by
centrifugation, washed twice with PBS, and snap frozen in liquid
nitrogen.

Cells were lysed by the addition of lysis buffer (8M urea, 50mM
NaCl, 50mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(EPPS) pH 8.5, Protease and Phosphatase inhibitors) followed by
manual homogenizationby20passes through a 21-gauge (1.25 in. long)
needle or homogenization by bead beating (BioSpec) for three repeats
of 30 s at 2400 strokes/min. Lysate was clarified by centrifugation and
protein quantified using Bradford (Bio-Rad, Cat#500-0205) assay.
50–100 µg of protein for each sample was reduced, alkylated, and
precipitated using methanol/chloroform. In brief, four volumes of
methanol were added to the cell lysate, followed by one volume of
chloroform, and finally three volumes of water. The mixture was vor-
texed and centrifuged at 14,000 x g for 5min to separate the chloro-
form phase from the aqueous phase. The precipitated protein was
washed with three volumes of methanol, centrifuged at 14,000 x g for
5min, and the resultingwashed precipitated protein was allowed to air
dry. Precipitated protein was resuspended in 4M urea, 50mM HEPES
pH 7.4, buffer for solubilization, followed by dilution to 1M urea with
the addition of 200mM EPPS, pH 8. Proteins were digested for 12 h at
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room temperature with LysC (1:50 ratio), followed by dilution to 0.5M
urea and a second digestion stepwas performed by addition of trypsin
(1:50 ratio) for 6 h at 37 °Corurea diluted to 1Murea anddigestedwith
the addition of LysC (1:50; enzyme:protein) and trypsin (1:50; enzy-
me:protein) for 12 h at 37 °C.

Label free quantitative mass spectrometry with DDA and data
analysis
Sample digests were acidified with formic acid to a pH of 2-3 before
desalting usingC18 solid phase extractionplates (SOLA, ThermoFisher
Scientific). Desalted peptides were dried in a vacuum-centrifuged and
reconstituted in 0.1% formic acid for liquid chromatography-mass
spectrometry analysis.

Data were collected using an Orbitrap Exploris 480 mass spec-
trometer (Thermo Fisher Scientific) equipped with a FAIMS Pro Inter-
face and coupled with a UltiMate 3000 RSLCnano System. Peptides
were separated on an Aurora 25 cm× 75μm inner diameter micro-
capillary column (IonOpticks), and using a 60min gradient of 5–25%
acetonitrile in 1.0% formic acid with a flow rate of 250nL/min. Each
analysis used a TopN data-dependentmethod. The data were acquired
using a mass range of m/z 350–1200, resolution 60,000, 300% nor-
malized AGC target, auto maximum injection time, dynamic exclusion
of 30 sec, and charge states of 2–6. TopN 40 data-dependent
MS2 spectra were acquired with a scan range starting at m/z 110,
resolution 15,000, isolation window of 1.4m/z, normalized collision
energy (NCE) set at 30%, standard AGC target, and the automatic
maximum injection time.

Proteome Discoverer 2.5 (Thermo Fisher Scientific) was used
for.RAW file processing and controlling peptide and protein level false
discovery rates, assembling proteins from peptides, and protein
quantification from peptides. MS/MS spectra were searched against a
SwissProt human database (January 2021) with both the forward and
reverse sequences, as well as known contaminants such as human
keratins. Database search criteria were as follows: tryptic with two
missed cleavages, a precursor mass tolerance of 10 ppm, fragment ion
mass tolerance of 0.03Da, static alkylation of cysteine (57.0215 Da)
and variable oxidation of methionine (15.9949Da), N-terminal acet-
ylation (42.0106Da), and phosphorylation of serine, threonine, and
tyrosine (75.966Da). Peptides were quantified using theMS1 Intensity,
and peptide abundance values were summed to yield the protein
abundance values. Resulting data was filtered to only include proteins
that had a minimum of 3 counts in at least 3 replicates of each inde-
pendent comparison of the treatment sample to the DMSO control.
Protein abundances were globally normalized using in-house scripts in
the R framework (R Development Core Team, 2014). Proteins with
missing values were imputed by random selection from a Gaussian
distribution either with a mean of the non-missing values for that
treatment group or with a mean equal to the median of the back-
ground (in cases when all values for a treatment group are missing).
Significant changes comparing the relative protein abundance of the
treatment to DMSO control comparisons were assessed by a two-sided
moderated t-test as implemented in the limma package within the R
framework86.

Label free quantitative mass spectrometry with diaPASEF and
data analysis
Sample digests were acidified with formic acid to a pH of 2-3 before
desalting usingC18 solid phase extractionplates (SOLA, ThermoFisher
Scientific). Desalted peptides were dried in a vacuum-centrifuged and
reconstituted in 0.1% formic acid for liquid chromatography-mass
spectrometry analysis.

Data were collected using a TimsTOF Pro2 (Bruker Daltonics,
Bremen, Germany) coupled to a nanoElute LCpump (BrukerDaltonics,
Bremen, Germany) via a CaptiveSpray nano-electrospray source. Pep-
tides were separated on a reversed-phase C18 column (25 cm× 75μM

ID, 1.6μM, IonOpticks, Australia) containing an integrated captive
spray emitter. Peptides were separated using a 50min gradient of
2–30%buffer B (99.9% acetonitrile, 0.1% formic acid) with a flow rate of
250nL/min and column temperature maintained at 50 °C.

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 50ms diaPASEF
scan. Data was acquired using sixteen of these 25Da 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 - 1200m/z and 1/k0 of 0.7–1.3 V.s/cm2.

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 library-
free analysis in DIA-NN 1.887. Library free mode performs an in-silico
digestion of a given protein sequence database alongside deep
learning-based predictions to extract the DIA precursor data into a
collection ofMS2 spectra. The search results are then used to generate
a spectral library, which is then employed for the targeted analysis of
the DIA data searched against a SwissProt human database (January
2021). Database search criteria largely followed the default settings for
directDIA including: tryptic with two missed cleavages, carbamido-
methylation of cysteine, and oxidation of methionine, and precursor
Q-value (FDR) cut-off of 0.01. The precursor quantification strategy
was set to Robust LC (high accuracy) with RT-dependent cross-run
normalization. Resulting data was filtered to only include proteins that
had a minimum of 3 precursor counts in at least 4 replicates of each
independent comparison of the treatment sample to the DMSO con-
trol. Protein abundances were globally normalized using in-house
scripts in the R framework (RDevelopment CoreTeam, 2014). Proteins
with missing values were imputed by random selection from a Gaus-
sian distribution either with a mean of the non-missing values for that
treatment group or with a mean equal to the median of the back-
ground (in cases when all values for a treatment group are missing).
Significant changes comparing the relative protein abundance of the
treatment to DMSO control comparisons were assessed by a two-sided
moderated t-test as implemented in the limma package within the R
framework86.

TMT quantitative global proteomics
Anhydrous ACN was added to each digested peptide sample from
above to a final concentration of 30%, followed by the addition of
Tandemmass tag (TMT) reagents at a labeling ratio of 1:4 peptide:TMT
label. TMT labeling occurred over a 1.5 h incubation at room tem-
perature, followed by quenching with the addition of hydroxylamine
to a final concentration of 0.3%. Each of the samples were combined
using adjusted volumes and dried down in a speed vacuum, followed
by desalting with C18 SPE (Sep-Pak, Waters). The sample was offline
fractionated into 96 fractions by high pH reverse-phase HPLC (Agilent
LC1260) through an aeris peptide xb-c18 column (phenomenex) with
mobile phase A containing 5% acetonitrile and 10mMNH4HCO3 in LC-
MS grade H2O, and mobile phase B containing 90% acetonitrile and
5mM NH4HCO3 in LC-MS grade H2O (both pH 8.0). The resulting 96
fractions were recombined in a non-contiguous manner into 24 frac-
tions and desalted using C18 solid phase extraction plates (SOLA,
Thermo Fisher Scientific), followed by subsequent mass spectrometry
analysis.

Data were collected using an Orbitrap Fusion Lumos mass spec-
trometer (Thermo Fisher Scientific, San Jose, CA, USA) coupled with a
Proxeon EASY-nLC 1200 LC system (Thermo Fisher Scientific, San Jose,
CA, USA). Peptides were separated on a 50 cmx 75μm inner diameter
EasySpray ES903 microcapillary column (Thermo Fisher Scientific).
Peptides were separated over a 190min gradient of 6–27% acetonitrile
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in 1.0% formic acid with a flow rate of 300 nL/min. Quantification was
performed using an MS3-based TMT method as described
previously88. The data were acquired using a mass range of m/z 340 –

1350, resolution 120,000, AGC target 5 × 105, maximum injection time
100ms, dynamic exclusion of 120 s for the peptide measurements in
the Orbitrap. Data-dependent MS2 spectra were acquired in the ion
trapwith a normalized collision energy (NCE) set at 35%,AGC target set
to 1.8 × 104 and a maximum injection time of 120ms. MS3 scans were
acquired in the Orbitrap with HCD collision energy set to 55%, AGC
target set to 2 × 105, maximum injection time of 150ms, resolution at
50,000 and with a maximum synchronous precursor selection (SPS)
precursors set to 10.

TMT quantitative global proteomics LC-MS data analysis
Proteome Discoverer 2.2 (Thermo Fisher Scientific) was used for.RAW
file processing and controlling peptide and protein level false dis-
covery rates, assembling proteins from peptides, and protein quanti-
fication from peptides. The MS/MS spectra were searched against a
SwissProt human database (January 2021) containing both the forward
and reverse sequences. Searches were performed using a 20 ppm
precursor mass tolerance, 0.6 Da fragment ion mass tolerance, tryptic
peptides containing a maximum of two missed cleavages, static alky-
lation of cysteine (57.0215Da), static TMT labeling of lysine residues
and N-termini of peptides (229.1629Da), and variable oxidation of
methionine (15.9949Da). TMT reporter ion intensities were measured
using a 0.003Da window around the theoretical m/z for each reporter
ion in the MS3 scan. The peptide spectral matches with poor quality
MS3 spectra were excluded from quantitation (summed signal-to-
noise across channels < 110 and precursor isolation specificity < 0.5),
and the resulting data was filtered to only include proteins with a
minimum of 2 unique peptides quantified. Reporter ion intensities
were normalized and scaled using in-house scripts in the R
framework89. Statistical analysis was carried out using the limma
package within the R framework86.

Searching for CRBN-compatible G-loops in the AlphaFold2
database
Using MASTER v1.662, the AlphaFold2 human database (v4)63 com-
prising 23,391 protein structures was queried for 8-residue loops with
backbone root-mean-squared-deviation less than 2Å to CSNK1A1 resi-
dues 35–42 (extracted from PDB 5FQD)12. Loops not having a glycine at
the sixth residue were filtered out, resulting in a set of 46,040 G-loops
from 10,926 proteins. Next, domains containing the G-loops were
extracted using domain definitions from DPAM64 and aligned to the
CSNK1A1 reference loop and CRBN from 5FQD. To estimate backbone
clashes, each structure was coarse-grained to represent the side chain
as a pseudoatom and scored using Rosetta v13.365. Coarse-graining the
structure makes the score rotamer-independent. The interchain_vdw
term of the score function was used as a clash score and represents a
modified Lennard-Jones 6–12 potential that penalizes atoms over-
lapping at the interface90. Domains with a clash score of greater than
200werefilteredout, resulting in a list 16,901 loops from7,111 proteins.

Relieving minor clashes with Rosetta refinement
For select domains with low clash scores, clashes were relieved by
relaxing the neo-substrate with Rosetta FastRelax65,66 while holding the
G-loop in place. No energy minimization or rotamer optimization was
performed on CRBN. Rigid body translation between CRBN and the
neo-substratewas disabled. Of the 10 independent trajectories run, the
one with the lowest total score was selected, and then the clash score
was calculated as above.

Compound docking
The missing loops of the cryo-EM structure of the ternary complex
(CRBN-FPFT-2216-PPIL4) were built using PRIME from schrodinger

suite (2024v3)91, and the completed structure was prepared using the
default process of the proteinprep protocol. The hit compound
Z6466608628 was docked into the complex using the InducedFit92

program with hydrogen bonding constraints on the glutarimide with
CRBN. The resulting top 5 poses were visually inspected, and the
putative binding mode was chosen based on experimental SAR and
binding score.

Statistical analysis and hit frequency calculation
Statistical methods are described in the according figure legends and
methods. Cryo-EM statistics are based on the gold-standard FSC =
0.143 to determine resolution. For quantitative proteomics experi-
ments, statistical analysis was carried out by two-sided moderated
t test using the limma package within the R framework86. Limma
employs an empirical Bayes approach to shrink the protein-wise var-
iance toward a common prior distribution. The prior distribution used
is empirically estimated from the data.

The frequency of enrichment was determined by counting the
number of times each protein was determined to be a “hit” (> 1.5 fold
upregulated and P-Value < 0.001) across the defined dataset, which
included the diaPASEF data collected for all 20 molecules across both
Kelly and MOLT4 cell lines.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The raw proteomics datasets generated during this study are available
at PRIDE accessions: PXD054862, PXD054860, PXD054732,
PXD054761; PXD054764; PXD055258. Proteomics data generated
during this study are available in our custom online database webtool:
https://v2.dfci-fischerlab.com/. Cryo-EM data are available from the
ElectronMicroscopy Data Bank and the RCSB Protein Data Bank under
the accession code numbers: EMD-47268, EMD-47269, EMD-47270
[https://www.ebi.ac.uk/pdbe/entry/emdb/EMD-47260], PDB-9DWV
[https://doi.org/10.2210/pdb9DWV/pdb], PDB-9DWW [https://doi.
org/10.2210/pdb9DWW/pdb]. The source data underlying Figs. 4, 5,
Supplementary Figs. 1,8 are provided in the Source Data file. Source
data are provided in this paper.

Code availability
The code necessary to reproduce the statistical analysis for quantita-
tive proteomics can be found at: https://doi.org/10.5281/zenodo.
15741629.
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