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Abstract 
This study reports the discovery and characterization of novel CRBN molecular glues that selectively 
induce the proteasomal degradation of the hematopoietic-speciƱc signaling protein VAV1, a key target in 
hematological malignancies and autoimmune diseases. Utilizing unbiased global proteomics, we 
identiƱed phenyl-glutarimide derivatives NGT-201-12, as eƯective VAV1 degraders, with its C-terminal 
SH3 domain (SH3-2) being crucial for this interaction. A signiƱcant Ʊnding is the elucidation of a non-
canonical RT-loop degron (RDxS motif, residues 796-799) within VAV1 SH3-2, distinct from previously 
characterized G-loop degrons. This discovery, supported by advanced computational modeling using the 
physics- and AI-driven GluePlex workƲow and validated by site-directed mutagenesis, highlights 
versatility of CRBN in recognizing diverse neosubstrate motifs. Furthermore, we demonstrate that 
applying Free Energy Perturbation (FEP) calculations to these predicted ternary structures yields 
cooperativity metrics that correlate with experimental degradation potency, overcoming the limitations of 
standard molecular docking. This establishes a robust workƲow where, once a ternary complex is 
predicted—even with initial weak binders—FEP can be utilized to prospectively rank analogs and 
optimize molecular glue potency. Additionally, we demonstrate that strategic chemical modiƱcations, 
particularly conformational restriction via halogen substitution (e.g., NGT-201-18), markedly potentiate 
VAV1 degradation, a principle supported by density functional theory (DFT) calculations. Comprehensive 
structure-activity relationship (SAR) studies provided a roadmap for designing next-generation VAV1 
degraders. Importantly, dose-response proteomics not only conƱrmed VAV1 as the primary target but 
also revealed LIMD1, possessing a canonical G-loop, as an oƯ-target for some analogs, indicating a 
single molecular glue can engage disparate degron motifs. The identiƱcation of the VAV1 RT-loop degron 
prompted a proteome-wide search, revealing other SH3-containing proteins as potential targets or oƯ-
targets. In conclusion, this research unveils a novel non-canonical RT-loop degron in VAV1, demonstrates 
the utility of conformational restriction in enhancing degrader potency, and underscores the critical role 
of integrating global proteomics with advanced structural modeling and FEP calculations for 
understanding degrader potency and selectivity. These Ʊndings oƯer a promising therapeutic strategy for 
targeting VAV1 and signiƱcantly expand the landscape of CRBN neosubstrate recognition and the rational 
design of molecular glue degraders. 

 

  



Introduction 

The ubiquitin-proteasome system (UPS) is a fundamental cellular machinery responsible for maintaining 
protein homeostasis through the selective degradation of a vast array of intracellular proteins, including 
those that are misfolded, damaged, or naturally short-lived 1. This intricate process is critical for normal 
cellular function, and its dysregulation is implicated in numerous human diseases1. In recent years, the 
therapeutic strategy of Targeted Protein Degradation (TPD) has gained prominence, aiming to eliminate 
disease-causing proteins by hijacking the UPS 2–7. Among TPD approaches, molecular glue degraders have 
emerged as a compelling class of small molecules 8. These agents function by inducing or stabilizing the 
protein-protein interaction (PPI) between an E3 ubiquitin ligase and a speciƱc target protein (a 
neosubstrate), which is then polyubiquitinated and subsequently degraded by the proteasome 9–13. 

Cereblon (CRBN), a substrate receptor for the Cullin-RING E3 ubiquitin ligase 4 (CRL4CRBN) complex, is a 
well-established E3 ligase that can be eƯectively modulated by molecular glues 8,10,14. The therapeutic 
utility of CRBN modulation was Ʊrst highlighted by immunomodulatory drugs (IMiDs)—thalidomide, 
lenalidomide, and pomalidomide 9,15,16. These drugs bind to CRBN, altering its substrate speciƱcity to 
promote the degradation of neosubstrates such as the lymphoid transcription factors IKZF1 and IKZF3. 
These canonical substrates typically engage CRBN via a structural motif known as the G-loop (a β-hairpin 
turn containing a conserved glycine residue), which is crucial for their anti-myeloma activity 9,11. The 
profound clinical success of IMiDs has not only validated CRBN as a druggable E3 ligase but has also 
catalyzed extensive research eƯorts aimed at discovering novel CRBN modulators capable of degrading a 
wider array of pathogenic proteins 17–19. 

The discovery of novel molecular glues, however, remains a signiƱcant challenge due to the indirect nature 
of their mechanism, which complicates rational design eƯorts 8,13. Historically, many glues were found 
serendipitously 20, through target-driven screening using reporter assay system 21, or comparative 
phenotypic screening in E3-deƱcient cell models 22. Modern approaches increasingly rely on systematic 
strategies, especially advanced proteomic techniques for unbiased neosubstrate identiƱcation and 
selectivity proƱling. Degradation-based global proteomics enables direct identiƱcation of degradable 
neosubstrates 12. Proximity-based proteomics helps identify transient protein-protein interaction 
mediated by lead compounds 23,24. Enrichment-based chemoproteomics, for instance, allows for the 
mapping of proteins recruited to CRBN by speciƱc compounds 18. Computational tools like YDS-GlueFold 
is combining diƯusion model with statistic mechanics for predicting ternary complex structures and 
guiding molecular design 25, while FEP+ binding free energy calculation in the ternary system for explaining 
cooperativity and target selectivity 26. 

VAV1, a hematopoietic-speciƱc signaling protein, is a key regulator of immune cell development and 
function 27. It acts as both a guanine nucleotide exchange factor (GEF) for Rho/Rac family GTPases and as 
an adaptor protein, playing critical roles in T-cell receptor (TCR) and B-cell receptor (BCR) signaling 
pathways that govern calcium mobilization, ERK activation, cytoskeletal rearrangements, and gene 
transcription 28. Dysregulation of VAV1, through mutations or aberrant expression, has been linked to 
various hematological malignancies including T-cell lymphomas, and autoimmune diseases 29. Given its 
multifaceted role in disease and its hematopoietic-speciƱc expression, VAV1 presents an attractive 
therapeutic target 30. Traditional inhibitors might only partially modulate VAV1's functions, whereas its 



complete elimination via targeted protein degradation could oƯer a more comprehensive therapeutic 
eƯect by ablating both its catalytic and scaƯolding activities 28. 

In this study, we report the identiƱcation and characterization of novel CRBN molecular glues that 
selectively target VAV1 for degradation. Utilizing an unbiased, deep global proteomics-based approach 
enabled by Thermo Orbitrap Astral Mass Spectrometer, we identiƱed NGT-201-11, a phenyl-glutarimide 
derivative, and NGT-201-12, an indole-modiƱed analog with enhanced potency, as eƯective VAV1 
degraders. Mechanistic investigations employing a luminescence-based HiBiT-RR protein quantiƱcation 
system 31 with VAV1 truncation mutants localized the essential degron to the C-terminal SH3 domain (SH3-
2) of VAV1. Importantly, we developed the physics- and AI-driven GluePlex pipeline and computationally 
modeled the CRBN:NGT-201-12:VAV1-SH3-2 ternary complex, predicting critical interactions involving 
VAV1 R796 and the RT loop of the SH3-2 domain. While established structural biology techniques like 
CryoEM and X-ray crystallography are considered the gold standards for determining molecular structures, 
they typically require highly optimized compounds and conditions, especially for resolving complex 
assemblies 11. In contrast, our GluePlex provides a signiƱcant advantage by enabling the prediction of 
ternary complex structures during the early stages of drug discovery when such structural information can 
be most impactful for guiding compound design and optimization. Site-directed mutagenesis studies 
functionally validated this predicted RT loop (a variable surface loop connecting β-strands within the SH3 
domain fold), speciƱcally an RDxS motif (residues 796-799), as a non-canonical degron essential for NGT-
201-12-mediated degradation. This Ʊnding is signiƱcant as it deviates from the canonical G-loop degrons 
typically recognized by CRBN 8. Further chemical optimization, including conformational restriction via 
halogen substitution (e.g., NGT-201-17, NGT-201-18), led to a marked potentiation of VAV1 degradation. 
Dose-response proteomics-based structure-activity relationship analyses not only conƱrmed VAV1 as the 
primary target but also unexpectedly identiƱed a G-loop-degron-possessing LIM Domain Containing 1 
(LIMD1) as an oƯ-target for some compounds in this series, This highlights the capacity of a single 
molecular glue to engage distinct degron motifs on canonical G-loop and noncanonical G-loop 
independent neosubstrates, underscoring the critical role of comprehensive proteomic proƱling in 
molecular glue discovery and optimization. 

 

Results 

Proteomics Screening Identifies VAV1 as a Neosubstrate of Novel CRBN Glue 

To investigate novel avenues of CRBN-mediated protein degradation, an unbiased, quantitative mass 
spectrometry-based proteomics approach was utilized to screen a phenyl-glutarimide centric library 32,33, 
analyzing cellular proteomes after treatment with candidate CRBN-based molecular glue compounds 
(Figure 1A, B). From this library, NGT-201-11 and NGT-201-12, possessing similar substitution patterns on 
the core phenyl-glutarimide scaƯold, were concurrently identiƱed as compounds capable of inducing 
VAV1 degradation, albeit to diƯerent degrees. Cellular treatment with NGT-201-11, which features a phenyl 
group modiƱcation, led to a modest yet statistically signiƱcant decrease in VAV1 protein levels compared 
to the vehicle controls (Figure 1C). NGT-201-12, an analog where the phenyl moiety is replaced by an indole 
group, demonstrated a substantially more pronounced degradation of VAV1 (Figure 1D). The degradation 
of VAV1 by NGT-201-12 was subsequently conƱrmed through Western blot analysis, while the potency of 



NGT-201-11 was too weak to distinguish on the blot (Figure S1A-B). The degradation of VAV1 by NGT-201-
12 can be rescued by blocking the E1 (TAK-243), NEDDylation (MLN-4924), proteasome (carƱlzomib), and 
CRBN (pomalidomide) activities or through CRBN-knockout (Figure S1E-F). Degradation kinetic 
experiment showed that dose-dependent degradation could be observed as short as 2 h of NGT-201-12 
treatment (Figure S1C). The VAV1 mRNA level was not aƯected by NGT-201-12 treatment (Figure S1H). 
These Ʊndings validated the potential of this chemotype and highlighted NGT-201-12 as a promising 
targeted-protein degradation candidate for more detailed mechanistic studies and further optimization. 

VAV1 exhibits a modular structure comprising tandem SH3-1_SH2_SH3-2 domains on its C-terminus 
integral to its signaling capacity. To precisely delineate the VAV1 region mediating interaction with the 
CRBN:NGT-201-12 complex, a luminescence-based protein quantiƱcation approach utilizing the HiBiT-RR 
system was employed to avoid tag-mediated degradation artifacts 31. We fused HiBiT-RR to N- or C-
terminus of full length VAV1 and observed no diƯerence in degradation potency of NGT-201-12 (Figure S1G). 
A series of VAV1 truncation mutants fused with C-terminus HiBiT-RR peptide tag was then generated. 
Consistent with expectations, cells expressing full-length VAV1-HiBiT-RR constructs demonstrated robust, 
dose-dependent reduction in luminescence signal following NGT-201-12 treatment. When truncating 
domains from the C-terminus, we discovered that removal of the Ʊrst SH3 domain on the C-terminus (SH3-
2) is suƯicient and necessary to abrogate NGT-201-12-induced VAV1 degradation (Figure 1E, Figure S1I). 
These Ʊndings localize the essential degron recognized by the CRBN:NGT-201-12 complex to the C-
terminal SH3-2 domain of VAV1. 

Ternary Complex Modeling Predicts Key Molecular Interactions 

Molecular glues function by inducing de novo protein-protein interactions (PPIs) between an E3 ligase and 
a target protein. Although ligand-dependent, these assemblies frequently anchor upon intrinsic surface 
geometries and energetic hotspots characteristic of natural PPI interfaces 14,34,35. To capitalize on this 
principle, we developed GluePlex, an integrated structural modeling pipeline designed to predict the 
ternary complex of CRBN:NGT-201-12:VAV1 SH3-2. GluePlex takes advantage of open-source geometric 
deep learning, physics-based docking, and templated co-folding to maximize reproducibility (Figure 2A). 
First, we utilized the open-source geometric deep learning model PeSTo 36 to predict protein-protein 
interaction hotspots on the unbound surfaces of CRBN and VAV1 SH3-2 domains. These predicted contact 
zones served as biological restraints for HADDOCK docking 37, generating a diverse ensemble of binary 
protein complex templates. Subsequently, using one representative conformation from each HADDOCK 
cluster as structural scaƯolds, we employed the open-source Boltz-2 38 to perform templated co-folding 
with NGT-201-12, enabling the precise, induced-Ʊt positioning of the small molecule within the interface. 
UMAP analysis of the resulting 120 co-folded structures revealed distinct conformational populations even 
starting from the same clustered templates (Figure 2B). We prioritized the cluster exhibiting the highest 
interface conƱdence metrics, which corresponded to a stable complex assembly compatible with the 
ligand geometry. Consequently, the top scored structure from this cluster (ipTM = 0.94, chainpair-ipTM = 
0.89) was selected as the functional ternary complex model (Figure 2C).  

The resultant structural model furnished valuable atomic-level hypotheses concerning the binding 
interface (Figure 3A, Supplementary Data 1). The model indicated that the glutarimide part of NGT-201-
12 occupies the canonical IMiD binding site on CRBN, orienting its indole moiety outwards (Figure 3B, D). 



This exposed indole group on NGT-201-12 is predicted to form a composite interface engaging a speciƱc 
region on the VAV1 SH3-2 domain surface, exempliƱed by the cation-π interaction between VAV1 R796 and 
the indole ring in NGT-201-12 (Figure 3B, D). Furthermore, it highlighted potentially crucial direct protein-
protein interactions (PPIs) between CRBN and VAV1 SH3-2 domain RT loop (residues 797-799, connecting 
β-strands C and D of the SH3 fold) that could contribute to the stabilization of the ternary complex 
assembly (Figure 3C). 

To functionally validate the interface predicted by the GluePlex model, the putative PPI surface on the VAV1 
SH3-2 domain was systematically interrogated via site-directed mutagenesis. Residues situated within 
surface-exposed loops, particularly those predicted to mediate contact with CRBN or NGT-201-12, were 
mutated, primarily to alanine. The impact of these mutations on compound-induced degradation was 
subsequently quantiƱed using the nano-luciferase (nLuc)-VAV1 reporter system. Evaluation of mutants 
treated with NGT-201-12 revealed that mutations within the RT-loop exerted the most profound eƯects on 
degradation eƯiciency (Figure 3E, Figure S1J). SpeciƱcally, alanine mutation of the core RDxS motif 
residues—Arg796 (R796A), Asp797 (D797A), Ser799 (S799A) or S799R (mimicking the corresponding 
residue in VAV2/3)—resulted in a dramatic loss of degradation potency, eƯectively abrogating the dose-
response relationship observed with wild-type VAV1 (Figure 3E). Conversely, mutation of Arg798 to alanine 
(R798A) or methionine (R798M, mimicking the corresponding residue in VAV2/3), paradoxically enhanced 
degradation potency and Dmax (Figure 3E). The enhanced degradation observed with the R798A mutant is 
rationalized by molecular dynamics (MD) simulations, which identify the wild-type R798 as a steric 
impediment to ternary complex formation. The simulations show that the large, Ʋexible guanidinium side 
chain of R798 samples multiple conformations that clash with the CRBN surface (Figure S2D, F, G). In 
contrast, the smaller alanine side chain in the R798A mutant completely avoids this steric hindrance 
(Figure S2E, F, G). Although wild-type R798 can form transient hydrogen bonds with CRBN residues Y355 
and S420, these are infrequent and insuƯicient to overcome the destabilizing steric eƯect during the 
ternary complex formation process (Figure S2A, B). Consequently, the R798A mutation removes this key 
impediment, allows for a more stable RT-loop conformation indicated by lower RMSF values of residue 796 
and 798 in  R798A mutant than WT (Figure S2C), therefore promotes a more productive protein-protein 
interface for subsequent degradation. All these computational results are consistent with the 
experimental result that the R798A mutation leads to stronger VAV1:molecular glue:CRBN ternary complex 
formation (Figure 4D), which further supports our hypothesis that R798A mutant is more prone to being 
degraded due to easier ternary complex formation. Mutations at CRBN:VAV1 interface outside the 
immediate RT loop, such as Q818A, exhibited more moderate eƯects on NGT-201-12-induced degradation 
(Figure S1K), whereas W820A mutation, predicted to be at the VAV1:NGT-201-12 interface, signiƱcantly 
reduced degradation potency (Figure 3E).  

Collectively, these functional mutagenesis data strongly implicate the RT loop, and speciƱcally the RDxS 
sequence (residues 796-799), as the critical, non-canonical degron within the VAV1 SH3-2 domain 
essential for mediating the interaction with the CRBN-molecular glue complex. This Ʊnding stands in 
marked contrast to the canonical G-loop degrons identiƱed in previously characterized IMiD neosubstrates 
and underscores the capacity of CRBN-glue complexes to recognize diverse structural motifs for 
neosubstrate recruitment. 



Conformational Restriction via Halogen Substitution Potentiates Degrader Activity 

According to the ternary complex model, NGT-201-12 takes a speciƱc torsion angle to extend the indole 
ring to R798 for maximizing the cation-π interaction. It was hypothesized that the inherent conformational 
Ʋexibility of NGT-201-12, speciƱcally the rotation around the single bond linking the glutarimide-bearing 
phenyl ring and the indole moiety, might constitute a potential liability by increasing the entropic cost 
associated with ternary complex formation 39,40. To investigate whether molecular rigidiƱcation could 
enhance potency through increasing the torsional barrier 39, small substituents were introduced onto the 
phenyl ring proximal to the glutarimide moiety to sterically impede free rotation. Methyl (NGT-201-13/14), 
Ʋuoride (NGT-201-15/16), and chloride (NGT-201-17/18) substitutions were evaluated (Figure 4A, B). 
Assessment of these analogs demonstrated a signiƱcant potentiation of VAV1 degradation activity for the 
chlorinated derivatives, particularly signiƱcantly improved maximum degree of VAV1 degradation (Dmax). 
Both NGT-201-17 (phenyl analog) and NGT-201-18 (indole analog) displayed markedly improved VAV1 
degradation relative to their respective non-halogenated precursors, NGT-201-11 and NGT-201-12 (Figure 
4A), but with no better CRBN binding measured by CRBN NanoBRET target engagement assay (Figure S3). 
Such remarkable VAV1 degradation induced by NGT-201-17 and -18 are further conƱrmed by 
immunoblotting against the endogenous VAV1 in Jurkat cells (Figure 4C). The degradation mechanism and 
kinetics of NGT-201-18 was also conƱrmed to be similar as NGT-201-12 (Figure S1B-F). The critical 
dependence on the RDxS motif was also conƱrmed in NGT-201-17 and NGT-201-18, where mutations 
R796A, D797A, and S799A consistently led to substantial resistance to degradation (Figure S4). NGT-201-
18 also induces stronger ternary complex formation than NGT-201-12 in the NanoBRET ternary complex 
experiment, while R796A mutants showed no ternary complex formation for both compounds (Figure 4D). 

To establish a more rigorous, physics-based rationale for the observed potentiation upon chlorination, 
Density Functional Theory (DFT) calculations were conducted. The potential energy proƱle associated with 
rotation around the critical dihedral angle connecting the phenyl ring and the glutarimide-proximal ring was 
computed for both NGT-201-11 and its more potent chlorinated counterpart, NGT-201-17 (Figure 4E). 
These calculations indicated that NGT-201-17 exhibits a considerably higher rotational energy barrier 
compared to NGT-201-11 (Figure 4F). The rotatable bond between two phenyl rings, however, is largely 
permissive for free rotation (Figure 4G-H) Molecular dynamics simulations of NGT-201-11/12/17/18 in 
complex with CRBN also show that the chlorinated compounds have narrower windows of dihedral angle 
than the non-chlorinated counterparts (Figure S5). This computational Ʊnding strongly suggests that the 
strategically positioned chlorine atom eƯectively restricts the molecule's conformational dynamics, likely 
enriching the population of a bioactive conformation pre-organized for productive ternary complex 
assembly. Such pre-organization is expected to minimize the entropic penalty of binding, thereby 
enhancing ternary complex formation and degradation eƯicacy, consistent with the experimental results. 
Therefore, reducing conformational Ʋexibility represents a viable strategy for optimizing degrader eƯicacy. 

NGT-201-18 Induced VAV1 Degradation Inhibits Human T Cell Activation 

To validate the functional consequences of VAV1 degradation in a physiologically relevant system, we 
evaluated the eƯicacy of the optimized degrader, NGT-201-18, in primary human T cells. VAV1 is a critical 
signal transducer downstream of the T-cell receptor (TCR), and its depletion is expected to blunt T cell 
activation. Treatment of primary T cells with NGT-201-18 resulted in robust, dose-dependent degradation 
of endogenous VAV1 (Figure S6A). Following stimulation with anti-CD3/CD28 antibodies, this loss of 



VAV1 protein correlated with a marked impairment in T cell activation, as evidenced by the dose-
dependent suppression of the cell surface activation marker CD69 (Figure S6B, C). These results conƱrm 
that NGT-201-18 is cell-permeable and potent in primary human immune cells, eƯectively uncoupling 
TCR engagement from downstream activation signaling. 

Structure-Activity Relationship Studies on Phenyl Ring Substitutions Reveal Steric 
Tolerances 

To further optimize the degrader scaƯold and delineate the chemical space surrounding the core structure, 
comprehensive structure-activity relationship (SAR) studies were undertaken involving the introduction of 
diverse substituents at the ortho, meta, and para positions of the phenyl ring linking the phenyl-glutarimide 
based on NGT-201-17 (Figure 5C). This systematic investigation revealed distinct SAR trends. First, 
introduction of substituents at the ortho position relative to the phenyl ring consistently proves detrimental 
to VAV1 degradation activity (e.g., NGT-201-122, -124, -127, -133, -136, -139, -142, -145, -148). This Ʊnding 
indicates steric sensitivity at this position, potentially resulting from clashes with CRBN residues within 
the ternary complex. This correlates well with the ternary model that the ortho-position (4,6-indole position 
of NGT-201-18) is tightly Ʋanked by CRBN H353 and W386 side chains (Figure 5A, B). In contrast, 
modiƱcations at the para positions are generally well tolerated, with many substituents aƯording potent 
VAV1 degraders. This suggests greater solvent accessibility or available volume in these regions of the 
ternary complex interface. For example, analogs incorporating small para-NH2 or -OH (NGT-201-110/111) 
and para-CH2OH (NGT-201-146), or bulky para-NHCOCH3 (NGT-201-135), para-NHCONH2 (NGT-201-138), 
para-NHSO2CH3 (NGT-201-141), all exhibit favorable logDC50 values (superior to -7.5 of NGT-201-17), 
indicating tolerance for chemically diverse functional groups at these locations. Small polar moieties 
capable as hydrogen bond donors, including amine (-NH2 or -CH2NH2), hydroxyl (-OH or -CH2OH), are 
tolerated at the meta positions, but show to improve the potency when at the para position. Various 
hydrogen bond donor and acceptor-containing substituents including amide (NGT-201-135/138) and 
sulfonamide (NGT-201-141) also yield potent compounds only when situated at the para position. Overall, 
our SAR studies centered on the phenyl ring show strong concordance between experimental degradation 
data and predictions derived from the ternary complex model.  

Structure-Activity Relationship Studies on the Indole Moiety Define Electronic 
Preferences 

Following the identiƱcation of NGT-201-18 as a substantially more potent VAV1 degrader possessing a 
conformationally restricted core and an indole VAV1-interacting element, the contribution of the indole 
ring itself was investigated. The indole ring compound by itself (NGT-201-18) is a more potent degrader than 
its phenyl counterpart (NGT-201-17). Analogs were synthesized and evaluated in which the indole moiety 
is substituted with alternative aromatic heterocycles (NGT-201-112 to -118, Figure 5D). Replacement of 
the electron-rich indole with comparatively electron-deƱcient heterocycles, such as pyridine (NGT-201-
113, NGT-201-114) and thiazole (NGT-201-116), results in a reduction in VAV1 degradation potency. 
Replacement with pyrimidine (NGT-201-115), a more electron-deƱcient ring, leads to even more 
pronounced reduction in degradation potency (Figure 5D). Substitution with other phenyl bioisosteric 
heterocycles, particularly thiophene (NGT-201-117/118), yield compounds that maintained comparable 
activity. Substitution with 4-indole (NGT-201-119) or 7-indole (NGT-201-157) leads to reduced degradation 
potency, echoing the detrimental ortho-substitution discussed in the previous section. The nitrogen in the 



indole ring in NGT-201-12 appears to be a hydrogen bond donor to interact with E377 in CRBN. Compared 
with NGT-201-18, introducing a methyl group to the indole nitrogen as in NGT-201-155 only reduces its 
potency by < 3-fold, suggesting that the interaction with E377 in CRBN is dispensable. Replacing the indole 
ring in NGT-201-18 with benzofuran (NGT-201-149), benzopyrazole (NGT-201-151) and benzoimidazole 
(NGT-201-152) maintains the VAV1 degradation potency. All these observations suggest that the electron-
rich character, and potentially the speciƱc steric and electronic interaction proƱle (e.g., propensity for 
cation-π interaction suggested by modeling), of the indole and thiophene rings are favorable for productive 
engagement with the VAV1 SH3-2 domain within the ternary complex. Overall, all the congruence between 
the experimental SAR Ʊndings and the theoretical model predictions lends substantial support to the 
model's accuracy and underscores its utility in guiding rational degrader design. 

FEP+ Calculation of Cooperativity Correlates with Experimental VAV1 Degradation 
Potency 

To evaluate if computational methods could predictively rank the molecular glue degrader potency of our 
synthesized analogs, we Ʊrst assessed a standard molecular docking approach. Using the predicted 
ternary structures from GluePlex, we calculated Glide docking scores for a series of 8 compounds. 
However, this method failed to provide a meaningful correlation with the experimental degradation data 
(Dmax and logDC50), indicating its insuƯicient accuracy to rank analogs at the lead optimization stage (Figure 
S7A-B). We therefore employed a more rigorous, physics-based method, Free Energy Perturbation (FEP+), 
to calculate the relative cooperativity (ΔΔGcoop) of ternary complex formation for each analog, following a 
reported protocol 26. The FEP+ calculations for the interaction between CRBN, VAV1, and our compounds 
revealed a moderate, scientiƱcally sound correlation with our experimental degradation potencies (Figure 
S7C-D). SpeciƱcally, the calculated ΔΔGcoop showed a positive correlation with logDC50 (Spearman’s 
ρ=0.72) and a negative correlation with %Dmax (Spearman’s ρ=−0.77) (Figure S7E). This result aligns with 
chemical intuition, as a more favorable (more negative) cooperativity energy corresponds to enhanced 
degradation eƯicacy (lower DC50 and higher Dmax). These Ʊndings suggest that the combined workƲow of 
using GluePlex for structural prediction followed by FEP+ for energy calculation is a promising strategy for 
prospectively ranking and prioritizing novel molecular glue candidates for synthesis, thereby accelerating 
future optimization eƯorts. 

Dose-Response Proteomics Identifies LIMD1 as an Off-Target and Underscores the 
Utility of Proteomics 

A fundamental requirement in the development of targeted therapeutics is the rigorous assessment of 
selectivity. To comprehensively evaluate the cellular target degradation proƱles of the optimized VAV1 
degraders, dose-response global proteomics analyses were conducted in Jurkat cells for several VAV1 
degraders whose DC50 values are lower than 100 nM, including the highly potent NGT-201-18 (Figure 6A, 
Figure S11-12). These experiments corroborated VAV1 as the primary target, exhibiting eƯicient 
degradation at low nanomolar concentrations. However, we noticed NGT-201-18 and many other 
compounds also induced dose dependent degradation of LIM Domain Containing 1 (LIMD1) protein. We 
further validated this Ʊnding orthogonally using a HiBiT-based reporter assay, which conƱrmed the 
degradation of transfected LIMD1 in response to NGT-201-18 treatment (Figure 6B).  



To conƱrm that LIMD1 degradation occurs via a molecular glue mechanism, we performed a NanoBRET-
based ternary complex assay. The results demonstrated that NGT-201-18, but not NGT-201-12, eƯectively 
promotes the formation of a ternary complex between CRBN and LIMD1 (Figure 6C). Notably, sequence 
and structural analysis revealed that LIMD1 harbors a sequence motif consistent with the canonical G-
loop degron (residue 630-636) located in the Zinc Binding Domain 3 (ZBD3) (Figure 6G). Structural 
modeling of the CRBN:NGT-201-18:LIMD1 ternary complex predicted that the indole moiety of NGT-201-18 
engages in a π-π stacking interaction with LIMD1 His629, a key residue within the G-loop (Figure 6D-E, 
Figure S8, Supplementary Data 2). Similar with CK1α G-loop degron, our model highlighted the potential 
hydrogen bonds between CRBN and LIMD1 D632 and C633 backbone carbonyls (Figure 6G). This 
structural hypothesis aligns with our SAR data, which shows that degraders with electron-rich rings like 
indole exhibit stronger degradation for both VAV1 and LIMD1, while compounds with benzene or thiophene 
rings spares LIMD1 from degradation (Figure 6A, Figure S11-12).  

To functionally validate this predicted interface, we performed site-directed mutagenesis on LIMD1. As 
hypothesized, mutating key sidechain interacting residues within the G-loop degron (H629A, G634N or 
G634A) completely abrogated NGT-201-18-induced LIMD1 degradation (Figure 6F). Furthermore, mutating 
residues predicted to be on the broader protein-protein interface but outside the G-loop, such as S656A 
and K660A, also impaired LIMD1 degradation (Figure 6H, I). These data collectively conƱrm that NGT-201-
18 recruits LIMD1 to CRBN through a canonical G-loop-dependent mechanism. 

This signiƱcant Ʊnding illustrates that a single molecular glue compound may possess the capacity to 
recognize and mediate the degradation of neosubstrates bearing distinct degron motifs (the non-canonical 
RT loop in VAV1 and a canonical G-loop in LIMD1). This powerfully underscores the indispensable value of 
systematic, unbiased global proteomics throughout the molecular glue discovery and optimization 
process. Such methodologies are crucial for obtaining a comprehensive understanding of both on-target 
and potential oƯ-target activities, which are critical for developing safe and eƯective degraders. 

GluePlex is Essential for Predicting Novel Non-Canonical Degron Interfaces  
To explicitly validate the necessity of the integrated GluePlex workƲow for de novo degron discovery, we 
benchmarked its performance against the isolated Boltz-2 co-folding algorithm using both our canonical 
(LIMD1) and non-canonical (VAV1) targets. When the full GluePlex pipeline was applied to LIMD1, strikingly, 
almost all HADDOCK docking templates successfully converged into the correct G-loop binding pose 
during co-folding, as demonstrated by the PCA mapping of the generated structures (Figure S13A). 
Furthermore, when tasked with predicting the LIMD1:NGT-201-18:CRBN ternary complex without any prior 
HADDOCK docking templates (with MSA generation explicitly disabled, but provided with individual 
proteins as templates), the standalone Boltz-2 model successfully generated high-conƱdence structures 
with low RMSD relative to our alignment-based reference (Figure S13B). This robust performance is 
anticipated, as LIMD1 utilizes a canonical G-loop degron whose structural motif is highly enriched in the 
training datasets of AlphaFold-derived models. 

In contrast, when the isolated Boltz-2 algorithm was applied to the non-canonical VAV1 RT-loop degron, it 
completely failed to generate viable ternary assemblies. The standalone model yielded exclusively low 
conƱdence scores (chain-pair ipTM < 0.3) and extreme structural deviations (Cα RMSD > 10 Å) (Figure 
S13C). This comparative analysis Ʊrmly establishes that while current standalone deep learning folding 



models can successfully recall known G-loop paradigms due to training data bias, the integration of PeSTo 
and HADDOCK to provide physics-based structural restraints within the GluePlex pipeline is strictly 
indispensable for resolving completely novel, non-canonical neosubstrate interfaces. 

Proteome-Wide Search Suggests Potential RT Loop Mimics 

The characterization of the functional, non-canonical RDxS motif within the VAV1 SH3-2 RT loop as a novel 
CRBN-dependent degron motivated an investigation into its potential occurrence elsewhere within the 
human proteome. Bioinformatic research was conducted to identify proteins containing similar 
sequences, with particular emphasis on those presented within structurally analogous contexts, such as 
the RT loops of other SH3 domains. Sequence alignments coupled with structural comparisons identiƱed 
several candidate proteins possessing SH3 domains with RT loop sequences exhibiting similarity to the 
VAV1 degron (Figure S9-10). Prominent examples include the GRB2-related adaptor protein, as well as the 
Endophilin-B2. These proteins constitute theoretical oƯ-targets requiring consideration during the 
selectivity assessment of VAV1 degraders. From the other perspective, this compilation also furnishes a 
set of potential starting points for the rational design of novel molecular glues intended to degrade these 
speciƱc targets by exploiting the structural principles elucidated in the VAV1 system. 

 

Discussion 

Our study successfully identiƱed and characterized novel CRBN molecular glues that selectively target the 
hematopoietic-speciƱc signaling protein VAV1 for proteasomal degradation. Utilizing an unbiased, deep 
global proteomics approach, we discovered that phenyl-glutarimide derivatives, notably NGT-201-12, can 
eƯectively induce VAV1 degradation. Mechanistic investigations pinpointed the C-terminal SH3 domain 
(SH3-2) of VAV1 as crucial for this process. This research signiƱcantly expands our understanding of 
molecular glue mechanisms and oƯers a promising strategy for targeting VAV1, a protein implicated in 
various hematological malignancies and autoimmune diseases.  

A key Ʊnding of this work is the elucidation of a non-canonical degron within the VAV1 SH3-2 domain. While 
CRBN molecular glues are often associated with the recognition of G-loop degrons, our computational 
modeling and subsequent site-directed mutagenesis studies compellingly demonstrated that an RT loop, 
speciƱcally an RDxS motif (residues 796-799), is essential for the NGT-201-12-mediated degradation of 
VAV1. This discovery and the recent report by Petzold et al. 19 highlights the versatility of CRBN as an E3 
ligase capable of recognizing diverse structural motifs on neosubstrates, moving beyond the canonical G-
loop paradigm. The identiƱcation of this novel RT-loop degron opens new avenues for designing molecular 
glues against targets previously considered intractable due to the absence of known degron motifs.  

This study further underscores the potent synergy between predictive structural modeling and iterative 
chemical optimization in the development of eƯective protein degraders. We developed the GluePlex 
workƲow, a physics- and AI-driven modeling tool prioritizing protein-protein interactions with small 
molecule ligands. This platform successfully predicted the key intermolecular contacts within the ternary 
complex formed by our lead compound, CRBN, and the VAV1 SH3-2 domain, including crucial PPIs 
between CRBN and VAV1. These structural hypotheses were subsequently validated experimentally 
through our site-directed mutagenesis studies. Our predicted VAV1 ternary complex structure aligns 



closely with the crystal structure of CRBN-DDB1 and MRT-23227 in complex with VAV1 (PDB: 9NFR) as 
reported by Petzold et al. 19. Notably, the Boltz-2 model was released prior to the 9NFR structure released 
in the Protein Data Bank, deƱnitively ruling out the possibility that the model "memorized" the crystal 
structure and conƱrming the predictive power of the workƲow. Retrospectively, we evaluated the structural 
Ʊdelity of the input templates relative to the Ʊnal predicted ternary complex. Even the closest protein-
protein docking model (HADDOCK Cluster 4) exhibited an RMSD of approximately 8 Å for the VAV1 SH3-2 
domain compared to the Ʊnal co-folded structure. Despite this signiƱcant initial deviation, the Boltz-2 
algorithm successfully converged to a high-conƱdence binding pose (ipTM = 0.94) during the co-folding 
stage. This indicates that the generative model is not merely rigid-body Ʊtting the ligand into a static pocket 
but possesses substantial capacity for structural reƱnement. The ability to traverse from a coarse-grained 
protein-protein docking template to a precise atomic-resolution ternary interface suggests that GluePlex 
maintains high generalizability and can eƯectively locate the local energetic minimum even when provided 
with imperfect starting geometries. 

While techniques like Cryo-EM and X-ray crystallography remain the gold standard for high-resolution 
structural elucidation, their demanding requirements for highly optimized compounds and experimental 
conditions often mean that ternary complex structures are determined retrospectively. As a result, their 
direct impact on prospectively guiding the initial hit-to-lead optimization in drug discovery can be limited, 
with many reported structures serving as post-hoc analyses. In contrast, the GluePlex workƲow oƯers a 
signiƱcant strategic advantage by enabling the generation of actionable structural models of ternary 
complexes during the critical early phases of discovery. This study demonstrates that when coupled with 
rigorous experimental validation such as the site-directed mutagenesis and SAR reported here, these 
predictive models can prospectively guide medicinal chemistry. This approach empowers researchers to 
transition from unbiased proteomic hits to structure-based drug design strategies, facilitating the eƯicient 
engineering of compounds with enhanced potency and selectivity before high-resolution experimental 
structures are available. 

Additionally, our ternary complex structural modeling suggested that the conformational Ʋexibility in NGT-
201-12 could be a liability. Strategic chemical modiƱcations, particularly conformational restriction 
through halogen substitution (e.g., NGT-201-17, NGT-201-18), led to a marked potentiation of VAV1 
degradation. Density Functional Theory calculations supported the hypothesis that these modiƱcations 
reduce conformational Ʋexibility, thereby minimizing the entropic penalty associated with ternary complex 
formation and enhancing degradation eƯicacy. This principle of molecular rigidiƱcation oƯers a valuable 
strategy for optimizing the potency of other molecular glue degraders.  

The comprehensive Structure-Activity Relationship (SAR) studies provided further insights into the 
chemical features governing degrader activities. These studies delineated speciƱc steric tolerances and 
electronic preferences for substituents on both the phenyl and indole moieties of the degrader scaƯold. 
For instance, substitutions at the ortho position of the indole-linking phenyl ring were generally detrimental, 
correlating with predicted steric clashes within the ternary complex model. Conversely, meta and para 
positions showed greater tolerance for diverse chemical groups. Investigations into the indole moiety itself 
revealed a preference for electron-rich aromatic heterocycles, likely contributing to favorable interactions, 
such as cation-π interactions, with the VAV1 SH3-2 domain. These detailed SAR Ʊndings provide a 
roadmap for the rational design of next-generation VAV1 degraders with improved properties.  



A critical aspect highlighted by our research is the indispensable role of unbiased, global proteomics in the 
discovery and optimization of molecular glues. Enabled by SP3-based high throughput sample preparation 
41,42, Orbitrap Astral MS platform and downstream DIA data analysis workƲow 43, dose-response 
proteomics analyses not only conƱrmed VAV1 as the primary target of our optimized compounds but also 
unexpectedly revealed LIMD1 as an oƯ-target for some analogs, including the potent NGT-201-18. 
Intriguingly, LIMD1 possesses a canonical G-loop-like degron, and structural modeling supported the 
ability of NGT-201-18 to facilitate CRBN interaction with this motif. This demonstrates that a single 
molecular glue can engage distinct degron motifs on diƯerent neosubstrates, a Ʊnding with signiƱcant 
implications for selectivity proƱling and drug development. It underscores the necessity of comprehensive 
proteomic assessment to understand both on-target and potential oƯ-target liabilities, guiding the 
development of safer and more eƯective molecular glue degraders. 

For the LIMD1 ternary complex modeling, we deliberately employed a scientiƱcally robust and eƯicient 
structural alignment strategy, leveraging the hypothesis that LIMD1 utilizes a canonical G-loop degron. This 
well-characterized motif has a known binding mode with CRBN, allowing us to generate a high-conƱdence 
model by directly aligning the LIMD1 G-loop with the solved crystal structure of the 
CK1α:lenalidomide:CRBN complex (PDB: 5FQD). The accuracy of our alignment-based LIMD1 model was 
subsequently conƱrmed by our mutagenesis studies, validating this judicious choice of a more traditional 
and eƯicient modeling strategy. We further retrospectively evaluated the standalone co-folding algorithm 
(Boltz2 with no MSA) on both proteins. While the standalone Boltz-2 model successfully generated high-
conƱdence predictions for the canonical LIMD1 complex—likely due to the enrichment of G-loop motifs in 
its training data—it completely failed to assemble the unprecedented VAV1 RT-loop interface, yielding 
severe structural deviations and low conƱdence scores. This contrast highlights that while current deep 
learning models can eƯiciently recall established degron paradigms, integrating physics-based structural 
restraints, as done in GluePlex, remains strictly indispensable for predicting entirely novel, non-canonical 
neosubstrate interactions. 

Finally, the identiƱcation of the functional RDxS motif in VAV1 prompted a proteome-wide search for 
similar sequences, particularly within structurally analogous RT loops of other SH3 domain-containing 
proteins. This bioinformatic analysis identiƱed several potential candidates, such as GRB2-related adaptor 
protein (GRAP) and Endophilin-B2. These proteins, on one hand, represent potential oƯ-targets in non-
targeted tissues that warrant consideration during further development of VAV1 degraders. Conversely, 
this knowledge also provides a foundation for the rational design of novel molecular glues aimed at 
degrading these speciƱc targets by leveraging the structural principles uncovered in the VAV1 system.  

In conclusion, this study has unveiled a novel non-canonical RT-loop degron in VAV1 that is recognized by 
CRBN molecular glues, demonstrated the utility of conformational restriction in potentiating degrader 
activity, and highlighted the crucial role of combining global proteomics and advanced modeling 
techniques in understanding degrader potency and selectivity. These Ʊndings not only provide a promising 
therapeutic strategy for targeting VAV1 but also contribute signiƱcantly to the broader Ʊeld of targeted 
protein degradation by expanding the known landscape of CRBN neosubstrate recognition and oƯering 
new principles for the rational design of molecular glue degraders. Future work will focus on further 
optimizing the selectivity and in vivo eƯicacy of these VAV1 degraders and exploring the potential for 
targeting other proteins via similar RT-loop degrons. 



 

  



Methods 

Cell culture & Transfection 

Jurkat, HEK293T/17 and Hela cells were purchased from ATCC. Jurkat cells were cultured in RPMI-1640 
(Corning, 10-040-CV) supplemented with 10% FBS (Corning, 35-011-CV). HEK293T and Hela cells were 
cultured in DMEM (Corning, 10-013-CV) supplemented with 10% FBS. All the cell cultures are in the 37 °C 
incubator with 5% CO2. Opti-MEM Reduced Serum Medium used for transfection is from Gibco 11058021.  

For degradation assay, nLuc-VAV1 plasmids with truncations or mutations were transfected into Hela cells 
using Lipomaster 3000 (Vazyme, TL301-01). Hela cells (0.3 million per well) were plated in the tissue 
culture treated 6-well plate the day before transfection. Immediately before transfection, the media were 
refreshed. Liposome transfection reagents were prepared by mixing tube A (Opti-MEM 125 μL + Lipomaster 
3000 3.75ul) and B (Opti-MEM 125 μL + DNA 150 ng +T3000 enhancer 4 μL), waiting for 10min, and dropwise 
added into the culture medium. After 24h expression, cells were harvested for the degradation assay. 

For CRBN NanoBRET target engagement assay, nLuc-CRBN and DDB1 plasmids (Promega, N2741 and 
N2761) were transfected into HEK293T cells using calcium phosphate method. BrieƲy, 2.5 million HEK293T 
cells in 10mL complete medium were plated in 10cm petri dishes and allowed for 4h settlement. Calcium 
phosphate-DNA particles were formed by mixing 1 μg nLuc-CRBN plasmid, 4 μg DDB1 plasmid, 75 μL 2M 
CaCl2, 540 μL ddH2O and 625 μL 2x HBSS, and incubate for 15min RT, then dropwise added into the petri 
dish. After 18h, the medium were refreshed and cells were harvested after another 24h for NanoBRET assay.  

VAV1 HiBiT-RR CRISPR knock-in 

Cells were subcultured three days before electroporation. The culture medium was replaced the day 
before the procedure. CRISPR-Cas9 sgRNAs and HDR ssODN templates were resuspended in IDT buƯer E. 
sgRNA (CGTCTCTCTGCCAAGGCACC) was prepared at a Ʊnal concentration of 100 µM by dissolving 2 nmol 
in 20 µL of buƯer. Cas9 protein (62 µM in 50% glycerol, Integrated DNA Technologies Inc, 1081058) was 
diluted to 40 µM using Resuspension BuƯer R from the Neon Transfection Kit (Invitrogen, MPK10025). For 
each reaction, 0.5 µL of 100 µM sgRNA was combined with 0.5 µL of 40 µM Cas9 in a total volume of 1.0 
μL. The mixture was incubated at room temperature for 15 minutes to form the ribonucleoprotein (RNP) 
complex. Complete growth media without antibiotics was pre-warmed in a 37°C incubator, supplemented 
with a 500× dilution of Alt-R™ HDR Enhancer V2 (Integrated DNA Technologies Inc, 10007910). Jurkat cells 
were washed with 5 mL PBS to remove FBS and resuspended in BuƯer R at a concentration of 
approximately 2 × 10⁷ cells/mL. For each electroporation, 8 μL of cell suspension (approximately 1.6 × 10⁵ 
cells) was used. In a 200 μL PCR tube, 1 μL of the RNP complex, 8 μL of the prepared cell suspension, and 
1 μL of 100 µM HDR template (Alt-R HDR Donor Oligo, Integrated DNA Technologies Inc, Sequence: 
GCACTGATGAACTCCTCGTCTGTTTCCAGGTTGGCTGGTTCCCTGCCAACTACGTGGAGGAAGATTATTCTGAAT
ACTGCGTCTCCGTGAGCGGCTGGCGGCTGTTCCGCAGGATTAGCTGAGCGGTGGTGCCTTGGCAGAGAGAC
GAGAAACTCCAGGCTCTGAGCCCGGCGTGGGCAGGCAGCGGAGCCAGGGGCTGT) were combined, 
bringing the total volume to 10 μL. The mixture was pipetted into a Neon Tip, ensuring no bubbles were 
present. Electroporation was performed using the Neon Transfection System with the following parameters: 
1400 V, 30 ms pulse width, and 2 pulses. 



Following electroporation, cells were immediately transferred to pre-warmed antibiotic-free media 
containing 500× diluted HDR enhancer. After 24 hours, the medium was replaced with standard culture 
medium. Cells were incubated for 72 hours at 37 °C before downstream analysis. Pooled HiBiT-RR knock-
in Jurkat cells were used for high throughput VAV1 degradation assay. 

High-throughput global proteomics 

SP3-based sample preparation 

Wildtype Jurkat cells in complete media were plated in the 96-well U-bottom plate at a density of 200,000 
cells per well. After 2 hours settlement, compounds dissolved in DMSO were micro-dispensed by Pico 8 
to the corresponding concentration in each well and returned to the 37°C incubator for 24 hours treatment. 
Cells were centrifuged down, and the media was aspirated, followed by 1x PBS washing once. Cell pellets 
were lysed in 50 μL 200 mM HEPES, 0.25% SDS at pH 8.5, with 1x Halt protease inhibitor cocktail (Thermo 
ScientiƱc, 78440) and 10U/well benzonase (Sigma, E1014) with 800 rpm shaking at 37°C for 30 min. 
Reduction was performed by adding 5 μL 50mM DTT and shaking at 37°C for 15 min, followed by alkylation 
with 14 μL 100 mM iodoacetamide at room temperature in dark for 30 min. To each well, 100 ug SP3 beads 
(1:1 mixture of E3 and E7 carboxylic magnetic beads from Cytiva) were added. Protein binding was initiated 
by adding 75 μL 100% ethanol into each well and shaking at 800 rpm for 10 min at room temperature. Beads 
were washed in the plate with the aid of magnetic rack using 200 μL 80% ethanol for twice. After the Ʊnal 
wash, beads were brieƲy dried, and proteins were digested in 30 μL 12.5 ng/μL trypsin/LysC (Promega, 
V5073) in 200 mM HEPES with 1,000 rpm shaking at 37 °C for 18 hours, with the plate Ʊlmed.  

Peptide clean-up with StageTip in 96-well plate format 

The digested peptides were acidiƱed with 1ul/well formic acid (FA) and further desalted and cleaned up 
with StageTip (CDS Analytical, 6091). The whole box of StageTip was transferred to a tip box which allows 
the placement of a 96-well non-skirted PCR plate inside for eluent collection purpose (Genesee ScientiƱc, 
22-102). Tips were moistened by adding 30 μL 80% ACN/0.1% FA, centrifuging the whole tip box at 800 rpm 
for 1 min, and removing the liquid in the box. Plunge with air to remove excess liquid from the tip if 
necessary. Tips were equilibrated by adding 30 μL 0.1%FA and centrifuging and plunging as described 
above. The plated digests were transferred into 96 StageTips followed by centrifuging and plunging. 
StageTips were washed twice with 30 μL 0.1% FA, and eluted with 100 μL 80% ACN/0.1% FA into a 96-well 
PCR collecting plate. The eluent plate were speed vac to dry, and peptides were resuspended in 30 μL 5% 
ACN/0.1% FA. Peptide concentration was measured with Fluorescent Quantitative Peptide Assays (Pierce, 
23290) and normalized across the plate before LC-MS/MS injection. 

Data-independent Acquisition and LC-MS/MS 

All the LC-MS/MS data was collected on the Vanquish Neo coupled to Orbitrap Astral mass spectrometer 
through an EASY-Spray source (Thermo Fisher ScientiƱcs). 300 ng – 1 μg peptides were loaded onto the 
300μm×5mm trap column (Thermo ScientiƱcs, 174500) and eluted onto the main 150um×15cm C18 
column (Thermo ScientiƱcs, ES906) using the Trap-and-Elute workƲow. Peptides were eluted out to the 
spray with a 5-40% gradient of ACN/0.1% FA in 23 min. Nanospray ionization was operated at +2.0 kV, the 
ion transfer tube was held at 300 °C, the collision gas pressure was 1 mTorr, and total carrier gas Ʋow was 
static. Neither the APPI lamp nor FAIMS interface was used. EASY-IC™ lock mass correction was enabled 
at RunStart, the application mode was set to “Peptide” under standard pressure conditions, the expected 



chromatographic peak width was deƱned as 15 s, the default precursor charge state was set to 2, and 
advanced peak determination was turned on. Full-scan (MS1) data were acquired from 0 to 23 min in the 
Orbitrap at a resolution of 240,000 (at m/z 200) across an m/z range of 380–980. The AGC target was set to 
5 × 106 (normalized AGC target 500%), with a maximum injection time of 5 ms, one microscan, and the RF 
lens set to 40%. Data were recorded in proƱle mode, in positive polarity, with source-induced 
fragmentation and lock-mass injection both disabled. Data-independent acquisition (MS2) was performed 
concurrently over the same 0–23 min window using the Astral detector. A total of 300 sequential isolation 
windows, each 2 Th wide and placed automatically without overlap, covered the precursor range of 380–
980 m/z. MS2 scans were collected in centroid mode across 150–2,000 m/z, with HCD normalized collision 
energy of 25%, an AGC target of 5 × 104 (normalized AGC target 500%), maximum injection time of 5 ms, 
and one microscan. Cycle time was controlled by a 0.6 s loop in Start/End Time mode.  

DIA data analysis 

Raw Ʊles from Orbitrap Astral Mass Spectrometer were converted into the mzML format using 
ThermoRawFileParser1.4.5 and searched with DIA-NN 1.9.2 on the Linux platform 43. A spectral library was 
generated in silico from the provided human FASTA database and reƱned based on the DIA data (--gen-
spec-lib, --predictor). The search was conducted against the reviewed UniProtKB Homo sapiens proteome 
(UP000005640, downloaded on Jan 7, 2025). 

Search parameters included: a precursor m/z range of 380−980 and a fragment m/z range of 200−2000. 
Peptides between 6 and 40 amino acids in length with precursor charge states ranging from 2 to 6 were 
considered. Trypsin/P digestion rules were applied (--cut K*,R*), allowing for up to one missed cleavage. N-
terminal methionine excision (--met-excision) was enabled. Mass accuracy was set to 15 ppm for MS1 
precursors and 20 ppm for MS/MS fragments. Variable modiƱcations included oxidation of methionine 
(UniMod:35, 15.994915 Da), with a maximum of two variable modiƱcations per peptide. The --unimod4 
Ʋag was active for Ʊxed carbamidomethylation of cysteine. 

The analysis employed a double-search strategy (--double-search) and retention time-dependent scoring 
and proƱling (--rt-proƱling) for improved identiƱcation and quantiƱcation. Protein inference was performed 
using relaxed settings (--relaxed-prot-inf), and protein groups were reported (--pg-level 1). QuantiƱcation 
was based on extracted ion chromatograms (XICs) (--xic), and quantiƱcation method using QuantUMS 44 
in high-precision mode. A false discovery rate (FDR) of 1% was applied at both peptide and protein levels 
(--qvalue 0.01). 

Generated protein group quantiƱcation report, after Ʊltering out the common contaminant proteins, was 
used to perform diƯerential analysis and statistics using limma model on R 4.4.2 with Benjamin-Hochberg 
correction to control the False Discovery Rate (FDR). 

Immunoblotting 

Wildtype Jurkat cells were seeded at 0.2 million cells per well in 1 mL of media in 24-well plates. After 24 
hours of degrader treatment, cells were centrifuged, washed with PBS, and lysed in 1× RIPA buƯer (Thermo 
ScientiƱc, J62524.AE) supplemented with 1× Halt™ Protease and Phosphatase Inhibitor Cocktail (Thermo 
Fisher ScientiƱc, Cat. No. PI78440) and Benzonase Nuclease (Sigma, E1014) to reduce viscosity. Lysates 
were cleared by centrifugation at 15,000 × g for 10 minutes at 4 °C, and total protein concentration was 



determined using the Pierce BCA Protein Assay Kit (Thermo Fisher ScientiƱc, Cat. No. 23225). 20 µg of total 
protein were resolved by SDS-PAGE and transferred to a 0.2 µm PVDF membrane (Millipore, Cat. No. 
IPVH00010) pre-soaked in ethanol. Membranes were blocked and incubated overnight at 4 °C with primary 
antibodies diluted at 1:1000 (VAV1, CST #4657) or 1:4000 (β-actin, CST #4970), followed by three washes 
with 1× TBST. Blots were then incubated with HRP-conjugated secondary antibody (Kindle Biosciences, 
#R1006, 1:1000) for 1 hour at room temperature. After three additional washes with 1× TBST, detection was 
performed using 3× diluted SuperFemto ECL substrate (Vazyme, E423-01) and imaged using KwikQuant 
digital imaging system. 

Molecular cloning and mutagenesis 

Wildtype human full length VAV1 gene fused with N-terminal nLuc was synthesized and cloned into 
pRP[Exp]-Puro-CMV by VectorBuilder Inc. Wildtype human full length LIMD1 cDNA was obtained from the 
Advanced Cell Engineering & 3D Models Core at Baylor College of Medicine and cloned into the same 
backbone by replacing VAV1. PCR amplicons were obtained using KOD One (Sigma, KMM-101NV) with 
speciƱed mutagenesis PCR primer pairs in the following table, followed by DpnI digestion (New England 
Biolabs, R0176S) and PCR product clean-up using FastPure gel extraction kit (Vazyme, DC301-01). Both 
site-directed mutagenesis and domain truncation were performed using ClonExpress Ultra One Step 
Cloning Kit V2 (Vazyme, C116-01) under 50 °C for 15 min. Homologous recombination products were 
directly transformed into DH5α competent cells (Thermo ScientiƱc, EC0112) and colonies were grown 
under ampicillin selection pressure. Product plasmids were all validated through whole plasmid 
sequencing.  

Primer Name Sequence 

vav1-F TGAACCCAGCTTTCTTGTACAAAGTGGTG 

dSH2SH3c-R aagaaagctgggttcaATGGACATAGGGCTTCACCCTGT 

dSH3C-R aagaaagctgggttcaTCTCTTTTCAGGCTCCTTGAAGGGG 

dSH3SH2SH3-R aagaaagctgggttcaCATGTCGGCCACATGGAGGG 

dSH2-F gttcatctcAAGGAGCCTGAAAAGAGAACCATCAGCA 
dSH2-R aggctccttGAGATGAACAGACAGGTCCTGAGGAGG 
dSH3-1-F aaaagaggaatgagGGCCCTCCTCAGGACCTGT 
dSH3-1-R ggccCTCATTCCTCTTTTTGTCCTGAGCCCTGC 
R796A-F CGCCGCAGACCGATCAGAgctgtcgctc 

R796A-R CTGATCGGTCTgcGGCGCagaagtcatagcg 

D797A-F AGcCCGATCAGAGCTGTCGCTCAAGGAGGGTG 

D797A-R ACAGCTCTGATCGGgCTCGGGCGCAGAAGTCATAG 

R798A-F CGAGACGCATCAGAGCTGTCGCTCAAGGAGGG 

R798A-R AGCTCTGATgcGTCTCGGGCGCAGAAGTCA 

R798M-F CGAGACATGTCAGAGCTGTCGCTCAAGGAGGGTG 

R798M-R AGCTCTGAcatGTCTCGGGCGCAGAAGTCATAGC 

S799A-F GACCGAGCAGAGCTGTCGCTCAAGG 

S799A-R GACAGCTCTGcTCGGTCTCGGGCG 

S799R-F GACCGAAGAGAGCTGTCGCTCAAGGAGGG 

S799R-R GACAGCTCTctTCGGTCTCGGGCGCAG 



Q818A-F GGGACAGGCAGGCTGGTGGCGAGGGG 

Q818A-R CACCAGCCTgcCTGTCCCTTCTTGTTAAGGATCTTGA 

W820A-F CAAGGCGCGTGGCGAGGGGAGATCTATGGC 

W820A-R CCCTCGCCACgcGCCTTGCTGTCCCT 

 

HiBiT degradation assay of endogenous VAV1 

Jurkat VAV1-HiBiT-RR knock-in cells were plated in the white 96-well plate (Corning, 3917) with a density 
of 20,000 cells/well. After overnight incubation, degrader molecules dissolved in DMSO were micro-
dispensed with Multidrop™ Pico 8 Digital Dispenser (Thermo Fisher ScientiƱc) to achieve 5-fold serial 
dilution in the culture medium. Cells were returned to the 37°C incubator for 24 hours incubation. After 
incubation, 100 μL NanoGlo cell lysis buƯer containing 100-fold diluted NanoGlo substrate (Promega, 
N1573) and 200nM LgBiT (Promega, N401A) were added into each well. After brief shaking, luminescence 
signal was measured using H1 synergy (BioTek Instruments, Inc.) using a PMT gain of 120. 

Nano luciferase degradation assay of exogenous VAV1 

Hela cells transfected with nLuc-VAV1 variants were trypsinized, centrifuged, and resuspended in the 
phenol red-free DMEM (Corning, 17-205) supplemented with 10% FBS. Cells were re-plated into white 96-
well plates with a density of 20,000 cells/well in 100 μL. Degrader molecules in DMSO were micro-
dispensed as described previously. After 24 hours treatment, 100 μL NanoGlo lysis buƯer containing 200-
fold diluted NanoGlo substrate were added into each well. After brief shaking, luminescence signal was 
measured using BioTek H1 synergy using a PMT gain of 120. 

NanoBRET-based CRBN target engagement assay 

HEK293T cells transfected with nLuc-CRBN and DDB1 plasmids were trypsinized, centrifuged, and 
resuspended in the phenol red-free DMEM (Corning, 17-205) supplemented with 10% FBS and 500 nM 
CRBN NanoBRET tracer molecule (Promega, CS1810C137). At this concentration without any other 
competitor compounds, the tracer can achieve 50% maximal target engagement on CRBN using the exact 
same protocol described below. Cells with tracer-containing media were re-plated into white 96-well plate 
with a density of 40,000 cells/well in 100 μL and incubated for 1 hour. Degrader molecules with 5-fold 
dilution in DMSO were dispensed in equi-volume. After 2 hours target engagement, 25 μL of PBS containing 
100-fold diluted NanoGlo substrate and 10 μM extracellular nLuc inhibitor (Promega, N235A) was added 
into each well. Dual channel signal intensities were simultaneously measured on a BMG PheraStar plate 
reader mounted with 450±80nm and 610nm LP Ʊlter set, with auto gain setting on both channels, in 
precision mode. BRET ratio in milli-BRET unit (mBU) were calculated using the following equation: 𝐵ܴ݋݅ݐܽݎ ܶܧ = 450௡௠ܫ610௡௠ܫ × 1,000 

NanoBRET-based ternary complex formation assay 

About 1.2 million Hela cells transfected with nLuc-VAV1 or nLuc-LIMD1 WT or mutants were washed with 
PBS and lyzed in 500 μL NP40 lysis buƯer (50 mM Tris-HCl pH 7.5, 250 mM NaCl, 0.5% NP-40 alternatives, 
10% glycerol, 1 mM EDTA, 1x Halt Protease inhibitor cocktails). All 500 μL lysate were incubated with 500 
μL 400 nM HisCRBN/HisDDB1 puriƱed protein, 500 μL 800 nM HIS Lite™ iFluor® 568 Tris NTA-Ni Complex 



(AAT Bioquest, Cat. No. 12617) with an additional 500 μL assay buƯer (50 mM Tris-HCl pH 7.5, 0.1% Triton 
X-100 and 0.01% BSA). The reaction mixture was dispensed in a low volume 384-well white NBS plate 
(Corning, #3824) with 20 μL/well. Degrader molecules dissolved in DMSO were micro-dispensed with 
Multidrop™ Pico 8 Digital Dispenser (Thermo Fisher ScientiƱc) to achieve serial dilution. After 2 h 
incubation at room temperature in the dark, 5 μM furimazine were dispensed with Pico 8 into each well and 
incubate for 3 min. Dual channel signal intensities were simultaneously measured on a BMG PheraStar 
plate reader mounted with 450±80nm and 610nm LP Ʊlter set, with auto gain setting on both channels, in 
precision mode. 

RNA extraction, Reverse Transcription qPCR 

RNA for qPCR was extracted from cells using the RNeasy Plus Mini Kit (Qiagen, 74136) according to the 
manufacturer’s protocol. For quantiƱcation of VAV1 mRNA levels after treatment, expression of target 
genes was quantiƱed using FlysisAmp Cells-to-CT 1-Step SYBR Green Kit (Vazyme, CL132-01). RT-qPCR 
was done on LightCycler® 480 Instrument II (384-multiwell plates). The following primers were used: VAV1 
F TCAGTGCGTGAACGAGGTCAAG, VAV1 R CCATAGTGAGCCAGAGACTGGT, GAPDH F 
GGAGCGAGATCCCTCCAAAAT and GAPDH R GGCTGTTGTCATACTTCTCATGG (reference gene).  

Primary human T cells activation inhibition assay   

Primary human T cells were obtained from peripheral blood mononuclear cells (PBMCs) sourced from the 
Gulf Coast Regional Blood Center. CD3+ T cells were isolated from PBMCs by negative selection using the 
magnetic bead–based MojoSortTM Human CD3+ T Cell Isolation Kit (BioLegend, Cat. No. 480013). BrieƲy, 
1× 108 PBMCs were incubated with 100 μL of Biotin-Antibody Cocktail for 15 minutes on ice, followed by 
incubation with 100 μL of Streptavidin Nanobeads for 15 minutes. Unlabeled T cells were collected as the 
non-adherent fraction following magnetic separation. The purity of the isolated T cells was routinely 
conƱrmed by Ʋow cytometry (BD, LSRII) using CD3 (BioLegend, Cat. No. 317306) and CD19 (BioLegend, 
Cat. No. 302222) lineage-speciƱc markers. Isolated primary human T cells were plated in a 24-well plate 
at a density of 5 ×105 cells/well. Cells were then treated with a 5-point, 5-fold serial dilution of the 
compound NGT-201-18 (starting concentration: 1000 nM) or DMSO vehicle control for 24 hours. Following 
compound treatment, the cells were activated using anti-CD3/CD28 magnetic beads for an additional 12 
hours. Cellular analyses were subsequently performed by Western blotting for VAV1 and Ʋow cytometry 
for the activation marker CD69. For Ʋow cytometry, cells were harvested by centrifugation (500×g for 5 
minutes) and resuspended in FACS buƯer (PBS + 2% FBS). Cells were stained with PE anti-human CD69 
Antibody (BioLegend, Cat. No. 310905, 1:100 dilution) and DAPI (BioLegend, Cat. No. 422801, 30 μM) for 
dead cell exclusion, incubating on ice for 30 minutes. After one wash in FACS buƯer, cells were centrifuged 
and subjected to analysis on the BD LSRII. Data was analyzed using FlowJo software.  

GluePlex workflow for VAV1:NGT-201-12:CRBN complex 

To accurately predict the ternary complex structure of CRBN, VAV1, and the molecular glue, we 
developed and employed GluePlex, a multi-stage integrative modeling pipeline that combines geometric 
deep learning, physics-based docking, and templated co-folding. 

 



Initial structural models for the VAV1 SH3-2 domain (UniProt: P15498, residues 782-842) and CRBN 
(UniProt: Q96SW2, residues 46-442) were retrieved from AlphaFold2 database. To identify potential PPI 
interfaces independent of the ligand, we utilized PeSTo (Protein Structure Transformer), a geometric deep 
learning model 36. PeSTo was applied to the unbound domain structures to predict interfacial residues 
with high PPI probability. Residues with a predicted interface probability score >0.3 were deƱned as 
"active residues" for downstream docking restraints. For CRBN, residues at DDB1 interfaces were 
excluded from the active residue list. 

We then performed restrained, physics-based protein-protein docking using HADDOCK 2.4 (High 
Ambiguity Driven protein-protein DOCKing) 37,45 to sample the conformational space of the CRBN-VAV1 
binary interaction. The active residues identiƱed by PeSTo were used to deƱne ambiguous interaction 
restraints (AIRs), forcing the docking algorithm to prioritize orientations where the predicted hotspots of 
VAV1 and CRBN engage. For both CRBN and VAV1, passive residues were auto-determined. All the other 
docking parameters are default. The resulting docked models were grouped into clusters based on 
interface root-mean-square deviation (i-RMSD) and ranked by HADDOCK score. One top-scored 
representative structure from each docking clusters (e.g., Clusters 1-6) were selected as templates for 
the subsequent co-folding stage. 

To resolve the atomic details of the ligand-mediated interface, we utilized Boltz-2.2.1 38 for templated co-
folding. The docking result pdb Ʊles from each HADDOCK cluster were converted into mmCIF 
coordinates using ChimeraX 1.9. The mmCIF coordinates were supplied as a structural template for each 
Boltz-2 run, while the chemical structure of the molecular glue (e.g., NGT-201-12) was provided as a 
SMILES string. Each Boltz-2 run generates 20 diƯerent diƯusion samples, and msa was disabled by 
explicitly stating “msa: empty” in the yaml Ʊles. For 6 HADDOCK clusters, a total of 120 co-folding 
structrues were generated within 10 min on one NVIDIA H100 GPU. 

The Ʊnal outputs were visualized via UMAP 46 based on SH3-2 domain C-alpha atom coordinates after 
aligning to CRBN. Model selection was driven by the chainpair_ipTM (interface predicted TM-score) 
between VAV1 chain and CRBN chain, with the highest-scoring structure selected for further mechanistic 
analysis and mutagenesis validation. 

Molecular dynamics simulation 

Molecular dynamics (MD) simulations were performed using the Desmond MD engine (Schrödinger, LLC) 
within Maestro 14.2. The initial ternary complex model was from GluePlex with NGT-201-12 positioned in 
the binding site. The initial binary complex model was generated by aligning (R)-enantiomers of NGT-201-
17/18 and NGT-201-11/12 into the cereblon (CRBN) structure (PDB ID: 4CI3), excluding the DDB1 subunit. 
Protein-ligand complexes were prepared using the Protein Preparation Wizard in Maestro, which included 
removal of crystallographic water molecules, addition of hydrogen atoms, and restrained energy 
minimization. 

The systems were solvated using the SPC water model in an orthorhombic box with a buƯer distance 
suƯicient to avoid periodic image interactions. Sodium and chloride ions were added to neutralize the 
system at a Ʊnal ionic strength of 0.15 M. The OPLS4 force Ʊeld was applied throughout all simulations. 



A multi-stage equilibration protocol was performed prior to the production MD run. Stage 1 involved system 
building and setup. In Stage 2, Brownian dynamics simulations were conducted under the NVT ensemble 
at 10 K with reduced timesteps and positional restraints on solute heavy atoms (100 ps). This was followed 
by additional NVT equilibration at 10 K with restraints (12 ps, Stage 3), and two subsequent NPT 
equilibration stages also at 10 K with restraints maintained (12 ps each, Stages 4–5). In Stage 6, NPT 
equilibration was continued with all restraints removed (24 ps). Stage 7 constituted the 500 ns production 
run in the NPT ensemble at 300 K and 1.01325 bar, using the Martyna-Tobias-Klein barostat (τ = 2.0 ps) and 
Nosé-Hoover thermostat (τ = 1.0 ps). A multiple time-stepping scheme was applied with bonded, near, and 
far interactions evaluated every 0.002, 0.002, and 0.006 ps, respectively. 

Simulation outputs included trajectory Ʊles recorded every 500 ps in DTR format (1000 frames per Ʊle), 
checkpoint Ʊles every 500 ps, and energy logs every 1.2 ps. Structure snapshots were saved every 500 ps 
with periodic boundary condition corrections. Initial velocities were assigned using a Maxwell-Boltzmann 
distribution at 300 K with a Ʊxed seed for reproducibility. No restraints, enhanced sampling, or biasing 
potentials were applied during production. Final analyses, including ligand RMSD and torsional stability, 
were conducted using Desmond’s pl_analysis tools. 

Schrodinger Glide Docking and FEP+ 

For Glide Docking, GluePlex results were prepared with Schrodinger Protein Preparation WorkƲow and 
converted into docking grid. All selected ligands were prepared with Schrodinger LigPrep. Prepared ligands 
were docked into their corresponding docking grid with extra precision (XP), and the lowest docking scores 
were collected for comparison. 

For FEP+, we selected NGT-201-18 GluePlex prediction structure as the receptor for simulation. With 
similar protocol previously mentioned, prepared ligands were docked into NGT-201-18 receptor grid with 
predicted NGT-201-18 as the reference ligand. The Ʊnal docked structure with NGT-201-18 receptor and 
selected prepared ligands were used for FEP+ calculation. Three rounds of perturbations were carried out 
to calculate the Ʊnal relative cooperativity with the following expression (A: CRBN, L: Molecular Glue, B: 
VAV1 SH3 domain) 26: ܩ߂߂௖௢௢௣0 = ஺௅஻0ܩ߂߂ − ஺,௅0ܩ߂߂ − ௅,஻0ܩ߂߂  

For binary energy predictions (ΔΔܮ,ܣ0ܩ, ΔΔܮ0ܩ,𝐵), we removed the other protein and use the structure for 
FEP+. When building the map for simulation, we selected NGT-201-11 and NGT-201-12 as biased nodes, 
for their representative structural features in our tested compounds. Default perturbation map from 
Schrodinger FEP+ was modiƱed to increase connectivity of the map and accuracy of the perturbation. FEP+ 
calculation was submitted to Schrodinger Web Services.  

LIMD1 G-loop modeling 

The G loop (residue 630-636) on the AlphaFold2 structure of LIMD1 LIM zinc binding domain 3 (residue 597-
676) was aligned with CK1α G loop (residue 36-42) from PDB: 5FQD using the tmalign function in PyMOL. 
The protein complex was then loaded into Maestro 14.2 (Schrödinger, LLC) and prepared using protein 
preparation workƲow to resolve clashes and perform local minimization. A 20 Å docking receptor grid was 
generated centered at the CRBN binding pocket. (R)-NGT-201-18 was prepared using LigPrep with OPLS4 



forceƱeld and ligand docking was performed using the prepared molecule and receptor grid in XP precision 
by default settings. 

Dihedral angle potential energy surface scanning 

Potential energy surface (PES) scans of key dihedral angles were performed using Gaussian 16 (Gaussian, 
Inc.) running on the Texas Advanced Computing Center (TACC) Frontera high-performance computing 
cluster. Initial geometries were Ʊrst optimized using density functional theory (DFT) at the B3LYP level of 
theory with the 6-31+G(d,p) basis set. Solvent eƯects were modeled using the polarizable continuum 
model (PCM) for water, and Grimme’s D3 dispersion correction was applied to account for long-range van 
der Waals interactions. Following geometry optimization, relaxed dihedral scans were carried out using the 
Opt=ModRedundant keyword to systematically rotate the bond between the glutarimide ring and the 
adjacent phenyl ring (bond 1), plus the bond between two phenyl groups (bond 2) in 2D scanning. The 
dihedral angle was scanned in 10° increments over a full 360° rotation for bond 1, and 10° increments over 
a 180° rotation for bond 2, allowing the structure to relax at each Ʊxed angle to identify the most 
energetically favorable conformations. Output log Ʊles were visualized using GaussView 5.0, and the 
resulting PES proƱles were replotted in units of kcal/mol for downstream analysis. 

Reproducibility and data availability 

For all the high-throughput proteomics experiments, at least two biological replicates with two MS 
technical replicates were analyzed for each treatment condition. All the biochemical experiments were 
completed with three biological replicates. Molecular dynamics simulation was performed in triplicate for 
500 ns trajectory analysis.  

Chemical synthesis route and NMR spectra are provided as Supplementary Information. Modeled ternary 
complex of VAV1 and LIMD1 in PDB format are provided as supplementary data. MS raw Ʊles and peak list 
mzML Ʊles are accessible through MassIVE database MSV000097850. (pw: 8GXkJs72cD49Xu9p) DIA-NN 
search results are available as supplementary data. 

Hotspots on VAV1 and CRBN were calculated using web-based PeSTO (https://pesto.epƲ.ch/). Restraint 
protein-protein docking was performed on the HADDOCK 2.4 server 
(https://rascar.science.uu.nl/haddock2.4/).  

Codes for running Boltz-2 templated co-folding and UMAP analysis as part of the GluePlex protocol are 
available at https://github.com/Hanfeng-Lin/VAV1_GluePlex  

Codes for proteomics data analysis (associated with Supplementary Data 3) can be found at 
https://github.com/Hanfeng-Lin/VAV1_proteomics 
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Figure 1. Proteomics Screening IdentiƱes VAV1 as a Neosubstrate of Novel CRBN Glues and 
Localization of the Degron to the C-terminal SH3 Domain.  
(A) Schematic representation of the high-throughput DIA proteomics workƲow employed to identify 
potential CRBN neosubstrates. (B) Overview of the DIA-NN data processing and statistical analysis 
pipeline. (C, D) Volcano plots depicting protein abundance changes in Jurkat cells treated with 10 μM 
NGT-201-11 (C) or NGT-201-12 (D) for 24 hours compared to DMSO control. VAV1 is green highlighted. 
Other signiƱcantly downregulated proteins are in blue. (E) HiBiT-based dose-response curves illustrating 
the degradation of full-length VAV1 (WT) and various truncation mutants (ΔSH2, ΔSH3-1, ΔSH3-2, 
ΔSH2_SH3-2, ΔSH3-1_SH2_SH3-2) upon 24 hours treatment with increasing concentrations of NGT-201-
12 in Hela cells. Loss of the C-terminal SH3 domain (ΔSH3-2) abolishes NGT-201-12-induced 
degradation. Data are presented as mean ± SD from three independent experiments. 

Figure 2. GluePlex workƲow for structural prediction of the CRBN:NGT-201-12:VAV1 ternary 
complex. 
(A) Schematic of the integrated open-source modeling pipeline. AlphaFold2 structures of the VAV1 SH3-2 
domain (P15498) and CRBN (Q96SW2) were analyzed by the geometric deep learning model PeSTo to 
predict protein-protein interaction hotspots (red for hotspots). These predicted active residues served as 
restraints for HADDOCK docking, yielding diverse binary complex clusters (Clusters 1–6) ranked by 
HADDOCK score. Representative structures from these clusters were used as templates for Boltz-2 co-
folding with the NGT-201-12 ligand to generate 120 ternary models. (B) UMAP visualization of the 
conformational landscape of the 120 co-folded ternary structures. Each point represents a generated 
model, colored by the HADDOCK cluster of origin, showing distinct structural populations. (C) Model 
selection and quality assessment. The UMAP embedding is colored by the chainpair_ipTM conƱdence 
score between VAV1 chain and CRBN chain. The high-conƱdence models (red) form a distinct cluster 
(originating largely from HADDOCK Cluster 4), identifying the predicted bioactive conformation (ipTM = 
0.94) used for experimental validation. 

Figure 3. Ternary Complex Modeling and Mutagenesis Identify a Non-Canonical RT Loop Degron in 
VAV1 SH3-2.  
(A) Computational model of the NGT-201-12-induced ternary complex formed between CRBN and the 
VAV1 SH3-2 domain. NGT-201-12 is shown in orange, CRBN in light green, and VAV1 SH3-2 in gray. (B) 
Close-up view of the predicted binding interface among VAV1 SH3-2, NGT-201-12 and CRBN, highlighting 
potential cation-π interaction (cyan dashed lines) and hydrogen bonds (yellow dashed lines). Key CRBN 
residues involved in the interaction are labeled. (C) Close-up view of the predicted interaction interface 
between NGT-201-12 and the VAV1 SH3-2 domain RT loop region, illustrating potential hydrogen bonds 
(cyan dashed lines) and hydrophobic interactions (yellow dashed lines). Key VAV1 SH3-2 residues within 
the RT loop are labeled. (D) Ligand interaction diagram generated from the computational model, depicting 
the predicted interactions between NGT-201-12 and residues in CRBN and VAV1 SH3-2. (E) Dose-response 
curves showing the eƯect of NGT-201-12 on the degradation of wild-type (WT) nLuc-VAV1 and various point 
mutants within the predicted CRBN/NGT-201-12 interaction interface in HEK293T cells. Data are presented 



as mean ± SD from three independent experiments. The table insert summarizes the DC50 and Dmax values 
for each mutant. 

Figure 4. Conformational Restriction via Halogen Substitution Potentiates Degrader Activity.  
(A) Dose-response curves for the degradation of VAV1-HiBiT-RR in Jurkat cells treated with various NGT-
201 compounds or pomalidomide for 24 hours. Data are presented as mean ± SD from three independent 
experiments. (B) Chemical structures of the tested NGT-201 compounds, with corresponding logDC50 and 
Dmax values (at 1 μM) indicated by a color gradient (green for higher Dmax, red for stronger potency or lower 
logDC50). (C) Western blot analysis conƱrming the dose-dependent degradation of endogenous VAV1 by 
24 hours NGT-201-17 and NGT-201-18 treatment in Jurkat cells. β-actin serves as a loading control. (D) 
Lysate-based NanoBRET VAV1:degrader:CRBN ternary complex assay with nLuc-VAV1 full length WT, 
R796A, or R798A mutant. Data are presented as mean ± SD from three independent experiments. (E) 
Representative optimized 3D structure of NGT-201-17 obtained from DFT calculations, highlighting the 
dihedral scanning atoms. (F) Dihedral angle relaxed scan showing the calculated potential energy proƱle 
for rotation around the bond connecting the phenyl ring and the glutarimide ring for NGT-201-11 (red) and 
NGT-201-17 (blue). NGT-201-17 exhibits a higher rotational energy barrier, suggesting reduced 
conformational Ʋexibility. The insets depict representative conformations at diƯerent dihedral angles. (G, 
H) 2D potential energy surface relaxed scanning both rotatable bonds on NGT-201-11 (G) and -17 (H) 

Figure 5. Structure-Activity Relationship (SAR) Studies on the Indole and Phenyl Moieties.  
(A, B) Two diƯerent perspectives of the computational model showing NGT-201-18 (orange sticks) bound 
within the pocket Ʋanked by VAV1 SH3-2 (grey surface and sticks) and CRBN (light green). (C) SAR table 
summarizing the eƯect of various substituents at the ortho, meta, and para positions of the phenyl ring in 
the NGT-201 series on VAV1 degradation potency (logDC50) and eƯicacy (Dmax at 1 μM). The core structure 
and the unsubstituted analog are shown at the top. Color coding indicates potency (green for higher %Dmax, 
red for stronger potency or lower DC50). (D) SAR table illustrating the impact of replacing the phenyl moiety 
of NGT-201-17 with diƯerent aromatic heterocycles on VAV1 degradation activity (logDC50) and eƯicacy 
(Dmax at 1 μM). Color coding indicates potency (green for higher %Dmax, red for stronger potency or lower 
DC50). 

Figure 6. Dose-Response Proteomics Reveals LIMD1 as an OƯ-Target of VAV1 Glues.  
(A) Heatmap visualizing the dose-dependent changes in protein abundance for a panel of NGT compounds, 
highlighting VAV1 as the primary target in Jurkat cells. LIMD1 is also identiƱed as a compound-dependent 
degradation target. The color intensity and circle size represent the magnitude and statistical signiƱcance 
of protein downregulation, respectively. Chemical structures of selected NGT compounds are shown on 
the left. Proteins harboring canonical G-loop degrons are highlighted in pink with their names. (B) HiBiT-
based dose-response curves illustrating the degradation of transfected full-length LIMD1-HiBiTRR 
(plasmid 50 ng, 150 ng, 450 ng) upon 24 hours treatment with increasing concentrations of NGT-201-18 in 
Hela cells. Data are presented as mean±SD from three independent experiments. (C) Lysate-based 
NanoBRET LIMD1:degrader:CRBN ternary complex assay with nLuc-LIMD1 full length for NGT-201-12 / -18. 
Data are presented as mean ± SD from three independent experiments. (D) G-loop grafted structural model 
of the predicted ternary complex formed by CRBN (light green), NGT-201-18 (orange), and the LIMD1 zinc 
binding domain 3 (ZBD3, pink). (E) Close-up view of the predicted interaction interface between NGT-201-



18 and LIMD1 ZBD3 domain, highlighting potential π-π interaction (cyan dashed lines) and hydrogen bonds 
(yellow dashed lines). (F, H) LIMD1-HiBiTRR WT or mutants were transfected into Hela cells and treated 
with various concentrations of NGT-201-18. H629 and G634 (F) are in the G-loop motif, while S656 and 
K660 (H) are at the PPI surface outside the G-loop motif. Data are presented as mean ± SD from three 
independent experiments. (G) Superimposition of the predicted NGT-201-18-bound LIMD1 ZBD3 structure 
(pink) with the known lenalidomide-bound CK1α G-loop structure (light blue), illustrating a similar binding 
mode within the CRBN pocket (green). (I) Close-up view of the predicted G-loop unrelated interaction 
interface between CRBN and LIMD1 ZBD3 domain, highlighting potential hydrogen bonds (yellow dashed 
lines). 
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(originating largely from HADDOCK Cluster 4), identifying the predicted bioactive conformation (ipTM = 
0.94) used for experimental validation. 
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Figure S1. NGT-201-12 and -18 are VAV1 degraders.  
(A) Representative Western blot analysis of endogenous VAV1 by 24 h NGT-201-11 and NGT-201-12 
treatment in Jurkat cells. (B) Quantitative analysis of panel E western blots with three biological 
replicates. Please note that the VAV1 degradation induced by NGT-201-12 lacks dose response is due to 
the high concentration used. Refer to (C) for dose responses.  (C-D) Jurkat VAV1-HiBiT KI cell line treated 
with various concentration of NGT-201-12 (A) or NGT-201-18 (B) for 2, 4, 8, 24 h. (E) WB analysis of Jurkat 
WT cell line treated with DMSO, NGT-201-12 5 μM or NGT-201-18 100 nM for 4 h, with 0.5 h pretreat and 4 
h co-treatment of TAK-243 (TAK) 1 μM, MLN-4924 (MLN) 1 μM, CarƱlzomib (Car) 1 μM, or Pomalidomide 
(Poma) 20 μM. (F) WB analysis of HEK293T cells (WT or CRBN-knockout) transfected with nLuc-VAV1 and 
treated with 1 μM NGT-201-12 or 18 for 24 h. (G) HeLa cells transfected with HiBiTRR-VAV1 or VAV1-
HIBITRR and treated with various concentrations of NGT-201-12 or -18 for 24 h. (H) RT-qPCR of VAV1 
mRNA transcript after 24 h treatment of DMSO, 1 μM NGT-201-12 or -18 in Jurkat WT cells. SigniƱcance 
tested by two-sided t-test. ns. not signiƱcant (p > 0.05). (I) Raw luminescence readout for Figure 1E. (J-K) 
Raw luminescence readout for Figure 3E. All data are presented as mean ± SD from three independent 
experiments. 

 

  



  

Figure S2. VAV1 R798 is a negative contributor to ternary formation with CRBN.  
(A) Hydrogen bond analysis of VAV1 R798 with CRBN Y355/S420 in the 500 ns MD simulation of 
VAV1:NGT-201-12:CRBN ternary complex. (B) Frequency distribution of panel A. (C) RMSF of VAV1 SH3-2 
domain for WT and R798A mutant during 500ns MD simulation. (D) The R798 residue side chain in 
unbound VAV1 SH3-2 domain will sample various conformations, and some of which forms clashes 
when aligned to the CRBN:NGT-201-12:VAV1 ternary model. (E) The R798A residue side chain in unbound 
VAV1 SH3-2 domain is stable, avoid forming clashes when aligned to the CRBN:NGT-201-12:VAV1 ternary 
model. (F) QuantiƱcation of the clashed atom number on R798 or R798A during the 500 ns MD simulation 
and (G) shows the frequency distribution. 



 

 

Figure S3. CRBN NanoBRET target engagement assay in HEK293T cells using 500 nM 
CRBN tracer.  
Tracer was balanced for 1h before 2h incubation of degraders. Data are presented as mean ± SD from 
three independent experiments. 

 

  



 

Figure S4. Dose-response curves showing the effect of NGT-201-12/17/117/18 on the 
degradation of wild-type (WT) nLuc-VAV1 and various point mutants within the predicted 
CRBN/NGT-201-12 interaction interface in HEK293T cells.  
Data are presented as mean ± SD from three independent experiments. The table inset summarizes the 
DC50 and Dmax values for each mutant.  



 

Figure S5. Ligand RMSF and torsion angle analysis of the 100ns molecular dynamics 
simulation trajectories (n=3) of selected compounds in the CRBN-glue binary model. 
Data are presented as mean ± SD from three independent experiments. SigniƱcance tested by two-sided 
t-test. ns. not signiƱcant (p > 0.05), * p < 0.05, ** p < 0.01. 

  



 

 

Figure S6. NGT-201-18 Induced VAV1 Degradation Inhibits Human T Cell Activation.  
Primary human T cells were treated with a 5-point, 5-fold serial dilution of NGT-201-18 (starting 
concentration: 1000 nM) or DMSO control for 24 hours, followed by activation with anti-CD3/CD28 
magnetic beads for an additional 12 hours. Cellular analyses were subsequently performed by Western 
blotting for VAV1 and Ʋow cytometry for the activation marker CD69. (A) Western blot analysis conƱrming 
dose-dependent VAV1 degradation induced by NGT-201-18 in primary human T cells. (B) QuantiƱcation of 
T cell activation presented as the percentage of CD69 positive cells relative to the TCR-stimulated DMSO 
control. CD69 activation was calculated based on the Median Fluorescence Intensity (MFI). Data are 
presented as the mean±SD for n=3 biological replicates. (C) Representative Ʋow cytometry histograms 
illustrating CD69 surface presentation on human T cells following the indicated treatments. 



 

Figure S7. Correlation between FEP+ calculated ΔΔ0ܩcoop or Glide Docking Score and 
experimentally determined logDC50 or %Dmax at 1 μM.  
(A) Pearson correlation between ΔΔ0ܩ

coop and logDC50. (B) Pearson correlation between ΔΔ0ܩ
coop and %Dmax 

at 1 μM. (C) Pearson correlation between Glide Docking score and logDC50. (D) Pearson correlation 
between Glide Docking score and %Dmax at 1uM. (E) Heatmap of Spearman correlation between FEP+ 
calculated ΔΔ0ܩ

coop or Glide Docking Score and logDC50 or %Dmax at 1 μM. 



 

 

Figure S8. Protein ligand interaction diagram of CRBN:NGT-201-18:LIMD1 model 



 



 

Figure S9. Human SH3 domain sequence alignment. VAV1 SH3_2 highlighted in red box. 
 



 

Figure S10. SH3 domain sequence alignment and 5-residue (RDRSE) structural 
alignment with VAV1, showing the proteins with conserved D or E at 797 position and S 
or T at 799 position. 
 

 



 

Figure S11. Volcano plots of NGT-201-17 to -132 associated with Figure 6. 
 



 

Figure S12. Volcano plots of NGT-201-135 to -148 associated with Figure 6. 
  



 

Figure S13. Benchmarking Boltz-2 performance with and without docking templates for 
canonical (LIMD1) versus non-canonical (VAV1) neosubstrates. 
(A) Principal Component Analysis (PCA) of the co-folded structures generated by the full GluePlex pipeline 
for the LIMD1:NGT-201-18:CRBN complex, colored by chainpair_ipTM (left) or the original HADDOCK 
template cluster number (right). (B) Co-folding predictions with 20 diƯusion samples for the LIMD1 ternary 
complex using Boltz-2 in isolation (without HADDOCK docking templates). The plot of chain-pair ipTM 
against Cα RMSD (relative to the alignment-based reference model) demonstrates that Boltz-2 can 
successfully predict canonical G-loop interactions de novo. (C) Co-folding predictions with 20 diƯusion 
samples for the VAV1 ternary complex using Boltz-2 in isolation. The model completely fails to predict the 
novel RT-loop interface (yielding low ipTM and high RMSD) in the absence of the physics-based docking 
templates provided by the full GluePlex workƲow. All Boltz-2 runs were performed with MSA generation 
disabled provided with individual protein templates. 
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