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Abstract 

Ubiquitin (Ub) is a small regulatory protein that tags unwanted or misfolded proteins for 

degradation by the proteasome. Molecular glues as small molecules stabilizing and augmenting 

protein-protein interactions have gained increasing attention in ubiquitination. Highly efficient 

computational approaches for the investigation of thermodynamics of molecular glue (MG)-Ub-

protease systems remain absent. In this work, we introduced a cost-effective computational 

framework for all-atom characterization of the thermodynamics driving force in the cooperativity 

or molecule glue-induced enhancement of Ub-E2 recognition. Based on the testing bed involving 

the CDC34A-Ub protein-protein system and 18 unique molecule glues, we illustrate that our 

method could satisfactorily decoding the interaction thermodynamics inside the multimeric 

system. Specifically, our method enables both the ranking the protein-ligand MG-(E2-Ub) 

affinity and qualitatively capture the MG-induced E2-Ub interaction strengthening, which are 

generally unachievable with standard methods such as MM/GBSA and commonly applied 

scoring functions (e.g., AutoDock Vina). We additionally explore the general picture of the 
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interfacial interactions in the multimeric complex, identifying important residues in the binding 

of molecular glue to Ub-E2 complex and also in Ub-E2 binding. Our computational approach 

could facilitate high-throughput virtual screening of potent molecular glues in assisting protein-

protein recognition and ubiquitination.   

 

Keywords: Molecular Glue, Ubiquitin, Protein-protein Interaction, Protein-ligand Binding, 

Cooperativity  
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1. Introduction.  

Cancer remains a leading cause of mortality worldwide, representing a significant global health 

challenge. According to the World Health Organization (WHO) in 2020, cancer is the second most 

common cause of death worldwide, accounting for 10 million deaths annually.1 This underscores 

the persistent burden of cancer on public health systems worldwide. In the United States alone, an 

estimated 1,665,540 individuals were diagnosed with cancer in 2013, with 585,720 succumbing to 

the disease within the same year.2 Among the various types of cancer, lung cancer exhibits a high 

prevalence, affecting both men and women.3 The WHO classifies lung cancer into two primary 

subtypes based on morphological and biological characteristics: small-cell lung cancer and non-

small-cell lung cancer.4 Despite significant advancements in lung cancer treatment modalities, the 

5-year survival rate remains disappointingly low, at less than 15%.5   

The Ubiquitin-proteasome system is crucial for maintaining cellular protein homeostasis 

(proteostasis) in eukaryotes, regulating key processes like cell proliferation, DNA repair, and stress 

response.6 This proteolytic system tags proteins with ubiquitin (Ub), marking them for degradation 

by the 26S proteasome.7 This involves a multi-step enzymatic cascade involving E1 (ubiquitin-

activating), E2 (ubiquitin-conjugating), and E3 (ubiquitin ligase) enzymes. E2 enzymes such as 

CDC34A (UBE2R1) are charged with Ub and subsequently transfer it to cullin-RING ligases 

(CRL), facilitating substrate ubiquitination.8, 9 Dysregulation of E2 can accelerate Ub turnover and 

promote the degradation of p27, a cyclin-dependent kinase (CDK) inhibitor, leading to 

uncontrolled cancer cell proliferation.10 Overexpression of E2 has been observed in various 

cancers, including lung, liver, and breast cancers, implicating its role in tumorigenesis.11-13 Stable 

E2-Ub interactions prevent the transfer of E2 to CRLs, disrupting cancer cell growth and survival 

and consequently highlighting E2 as a promising therapeutic target.14  

Small molecules typically interact with a limited number of hot-spot residues that contribute 

significantly to the binding energy.15, 16 Despite progress in small-molecule targeted anti-cancer 

drugs, challenges like low response rates and drug resistance remain significant hurdles.17 The 

structure determination of CC0651-E2-Ub complex unexpectedly reveals that the small molecule 

inhibitor (CC0651) stabilizes the low-affinity interaction between the E2 and Ub,18 which would 

increase the efficiency of ubiquitination and facilitate the degradation of disease-causing proteins 

(see Fig. 1A for a schematic illustration of the MG-induced stabilization of the Ub-E2 protein-

protein complex). Consequently, such small molecules introducing additional stabilization effects 
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to protein-protein complexes are named as molecular glues (MG), facilitating the selective 

degradation of oncogenic proteins and disrupting pathways critical to tumor growth and survival.19   

Computational modelling has emerged as one of the key components in modern drug 

discovery.20-23 Rational drug design relies heavily on accurately quantifying protein-ligand 

interactions and prediction of binding affinities through in silico methods.24-28 The situation could 

be especially difficult for the specific E2-Ub-MG complex due to its multimeric and complicated-

constituent nature, i.e., involving both protein-ligand and protein-protein complexes. Despite the 

applications of modern computational techniques such as umbrella sampling to construct the free 

energy profiles, it still lacks a protocol with balanced computational burden and accuracy. To fill 

this critical gap, we attempt to employ an generalized alanine scanning with generalized Born and 

interaction entropy (ASGB-IE)29, 30 technique for the multimeric protein-protein-ligand complex. 

The numerical outcomes suggest that our method is able to not only accurately rank the protein-

ligand affinity, but also qualitatively capture the MG-induced stabilization of the protein-protein 

complex. We additionally provide detailed energetic perspectives about the key residues stabilizing 

the protein-MG complex and more importantly probing the additional MG-induced residue-

specific stabilization effects, providing effectively a comprehensive structure-activity relationship 

(SAR) analysis. By assessing the contribution of each residue within the binding pocket, this 

approach aims to uncover key interactions within the ternary complex and provide crucial insights 

into the Ub loading and unloading mechanisms of E2.  
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Fig. 1. A) An illustration of the molecular glue-enhanced protein-protein binding. The ubiquitin-

protease pathway is inhibited upon the addition of MG. B) 2D structures of template glue 

investigated in this work. C) The Tanimoto similarity map depicting similarities and diversities 

of investigated molecular glues.  
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2. Methodology.  

2.1. Binding cooperativity from an ASGB-IE approach.   

The protein-protein interaction (PPI) between E2 (CDC34A) and Ub could be stabilized by 

MG, which would inhibit the Ub-proteasome pathway31 and thus alter biological functions. This 

ligand binding-induced PPI strength could be understood as a cooperative effect, the quantification 

of which requires the estimation of interaction thermodynamics in E2-Ub, E2-MG and Ub-MG 

pairs in the bound state and the E2-Ub interaction in the unbound state. The central thermodynamic 

property of interest in the MG-induced cooperative effect is   

𝛥𝐺𝑐𝑜𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑖𝑡𝑦 = 𝛥𝐺𝑏𝑖𝑛𝑑
𝐸2−𝑈𝑏+𝑀 − 𝛥𝐺𝑏𝑖𝑛𝑑

𝐸2−𝑈𝑏      (1).  

To understand this process, we introduce a cooperativity-involved ASGB-IE29, 30, 32 framework. 

The base computational alanine scanning-based technique involves the mutational scanning 

(alanine to be specific) of interfacial residues close to the interaction site(s). The thermodynamic 

variation during the x (wild type) to a (alanine) mutation could be written as  

𝛥𝛥𝐺𝑏𝑖𝑛𝑑
𝑥→𝑎 =  𝛥𝐺𝑏𝑖𝑛𝑑

𝑎 −  𝛥𝐺𝑏𝑖𝑛𝑑
𝑥        (2). 

Following an end-point decomposition procedure, the formula could be transformed to 

𝛥𝛥𝐺𝑏𝑖𝑛𝑑
𝑥→𝑎 =  𝛥𝛥𝐺𝑔𝑎𝑠

𝑥→𝑎 +  𝛥𝛥𝐺𝑠𝑜𝑙
𝑥→𝑎      (3),  

where the gas (gas-phase) and sol (solvation) contributions are separated. Individual terms could 

be further decomposed into  

𝛥𝛥𝐺𝑔𝑎𝑠
𝑥→𝑎 =  𝛥𝐺𝑔𝑎𝑠

𝑎 −  𝛥𝐺𝑔𝑎𝑠
𝑥         (4a). 

𝛥𝛥𝐺𝑠𝑜𝑙
𝑥→𝑎 =  𝛥𝐺𝑠𝑜𝑙

𝑎 −  𝛥𝐺𝑠𝑜𝑙
𝑥            (4b). 

The gas-phase terms could be computed using the interaction entropy method30, 32  

𝛥𝐺𝑔𝑎𝑠
𝑖 =  ⟨𝐸𝑖𝑛𝑡

𝑖 ⟩ −  𝑇𝛥𝑆𝑖𝑛𝑡
𝑖 = ⟨𝐸𝑖𝑛𝑡

𝑖 ⟩ −
1

𝛽
ln ⟨𝑒𝛽𝛥𝐸𝑖

𝑖𝑛𝑡
⟩     (5),  

where the variable i could be either x or a, the subscript int denotes the interaction energies 

between different components of the system (e.g., proteins and MG) and the brackets represent 

ensemble average. Under a force-field framework, the interaction energy could be further 

decomposed into electrostatic and vdW interactions, i.e.,  

∆𝐸𝑖
𝑖𝑛𝑡 = ∆𝐸𝑖

𝑒𝑙𝑒 + ∆𝐸𝑖
𝑣𝑑𝑊       (6).  

The solvation contribution could be computed following the common practice in end-point free 

energy calculations, i.e., the implicit-solvent generalized Born (GB) technique (the GBOBC 

parametrization33, 34, to be specific) for the polar contribution in conjunction with the linear 
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surface-area formula35 for the non-polar solvation work. To account for the polarization effects, 

in end-point practices it is common to alter the dielectric constants for the protein interior, and 

we follow our previous best practices using 1, 3 and 5 for charged, polar and apolar residues29.  

The contribution of individual residues defined by Eq. (2) provides an estimate of the 

energetic drop upon the alanine mutation, thus quantifying the importance of the selected residue 

in interfacial coordination. Based on this energetics, it is common to define the hotness of the 

spot, i.e., classifying into hot, warm or cold spots. A commonly employed threshold for hot spots 

is 1 kcal/mol. The overall binding free energy could be calculated by summation of the 

contributions of individual residues  

𝛥𝐺𝑏𝑖𝑛𝑑 =  − ∑ 𝛥𝛥𝐺𝑏𝑖𝑛𝑑 
𝑥→𝑎

𝑥        (7).  

Consequently, the MG-induced affinity elevation in the E2-Ub complex could be written as  

𝛥𝐺𝑐𝑜𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑣𝑖𝑡𝑦 = − ∑ 𝛥𝛥𝐺𝑏𝑖𝑛𝑑 
𝑥→𝑎𝐸2−𝑈𝑏+𝑀

𝑥 + ∑ 𝛥𝛥𝐺𝑏𝑖𝑛𝑑 
𝑥→𝑎𝐸2−𝑈𝑏

𝑥   (8).  

In brief, while in previous ASGB-IE calculations the scanning target could be either protein-

ligand and protein-protein systems, the scanning target in the current multimeric protein-protein-

ligand complex is generalized. When investigating the protein stabilization of the ligand (i.e., 

protein-ligand) binding, the scanning target is the protein-protein complex and the binding 

affinity of MG to the E2-Ub complex is obtained with  

𝛥𝐺𝑏𝑖𝑛𝑑
𝑀−(𝐸2−𝑈𝑏)

= − ∑ 𝛥𝛥𝐺𝑏𝑖𝑛𝑑 
𝑥→𝑎𝑀−(𝐸2−𝑈𝑏)

𝑥      (9).  

By contrast, when investigating the protein-protein interaction, the scanning targets in the PPI 

system is residues in both protein chains. In all alanine scanning, we follow the common practice 

using a distance threshold of 5 Å, i.e., including all interfacial residues within 5 Å from the 

binding target in the mutational scan.  

 

2.2. Molecular Simulations.  

Homology modelling of the E2-Ub-MG complex is conducted based on the X-ray diffraction 

structure 7M2K, in which the missing residues are modeled using the loop modeler of the MOE 

software. Hydrogens were added to the structure, and the structure was prepared using the quick 

prep module of MOE1, 36, 37. In the following presentations, we have the first 169 residues as E2 

and the 170-244 residues as Ub. For molecular glues, in total we consider 18 molecules sharing 

the same backbone/template shown in Fig. 1B. The structures and EC50 values of these molecules 

from experimental reference31 are summarized in Table S1. The ligand similarity map (the 
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Tanimoto regime with RDKit) is shown in Fig. 1C, where a certain level of diversity could be 

observed. The structure modification (e.g., alkyl group addition) is performed with the Schrodinger 

Maestro.  

As discussed in the previous section, we consider both the ternary complex E2-Ub-MG and 

the ordinary protein-protein complex E2-Ub in our modelling. So, we have two types of 

simulation cells (the MG-unbound and MG-bound states). Each simulation cell is constructed 

using AMBER14SB38 to describe the protein, AM1-BCC39, 40 charges and GAFF2 to describe 

ligands (molecular glues),  TIP3P water for solvation and monovalent sodium/chloride ions41, 42 

parametrized for the water model for neutralization. For the non-standard amino acids featuring 

the multiple methyl groups in the lysine side chain, we employed the existing parameters 

published in references.43 Then, we conduct minimization to get rid of unfavorable interactions, 

250 ps constant-volume heating to 300 K and 50 ns NPT equilibration are performed, after which 

a triplicate 50 ns sampling with a 50 ps snapshot interval is performed. The final estimates are 

reported as the averaged results of the three replicas. We employ SHAKE44, 45 constraints on 

bonds involving hydrogen, Langevin dynamics for temperature regulation, isotropic scaling and 

Monte Carlo barostat for pressure regulation at 1 atm, and the 10 Å real-space cutoff for non-

bonded interactions. The hybrid-precision GPU version of pmemd in AMBER is used for 

molecular simulations.  

For post-processing energetic evaluation, we employ the above-mentioned ASGB-IE 

framework and also the standard MM/GBSA protocol, where no entropic contribution is 

calculated. Additionally, we benchmark several common scoring functions applied in molecular 

docking, including the well-known AutoDock Vina, its Vinardo alternative46, 47, the refitted 

dkoes_scoring version available in smina, and the contact-based PRODIGY-LIG48 scoring 

function.  

 

3. Results and discussion.  

The detailed ASGB-IE energetics of all systems are summarized in Table S2-S37. As noted 

above, the first 169 residues are E2 and the 170-244 residues are Ub. A convergence check is 

performed by comparing the all-frame (i.e., 1000) estimate and that using only a fraction of it 

(200-frame) of ASGB-IE-computed protein-protein E2-Ub binding (with/without MG) for all 
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systems in Fig. S1. A near perfect correlation is observed, which indicates the satisfactory 

convergence behavior of our end-point free energy estimates.   

 

3.1. Binding Strengths in E2-Ub-MG Multimeric Systems.   

For any computational method to work, it is of utmost importance to first validate the 

results with direct comparison to experiment. We therefore first probe the quality of calculation 

of the MG-(E2-Ub) binding strength following Eq. (9) in Fig. 2, based on three statistical metrics 

including Pearson r, Spearman rs and Kendall τ. While ASGB-IE achieves a good correlation 

(Pearson) and also a good ranking behavior (Kendall and Spearman), the correlation coefficients 

of MM/GBSA are rather poor. Interestingly, the well-known AutoDock families (Vina, Vinardo 

and the dkoes_scoring refit) and the empirical contact-based scoring function PRODIGY-LIG 

achieve performances better than MM/GBSA but still worse than ASGB-IE. This phenomenon 

highlights the applicability of our computational framework.  

With the established solidity (reproducing experimental protein-ligand affinity), we then 

investigate the MG-induced augmentation of protein-protein (E2-Ub) binding strength. The 

calculation generally follows Eq. (8), and the numerical data are shown in Fig. 2B. For the 

ASGB-IE energetics, it is clearly shown that all glue molecules are introducing additional 

stabilization effects into the E2-Ub packing, with several molecules (e.g., 130931) achieving the 

largest augmenting effects. However, this MG-induced E2-Ub protein-protein affinity increase is 

not captured by MM/GBSA. This again validates the superiority of ASGB-IE in modelling the 

thermodynamics in multimeric MG-involved systems. The absence of experimental data on this 

cooperative effect presents a direct comparison, but it is safe to conclude that the ASGB-IE 

calculations effectively capture the additional stabilization effects.    
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Fig. 2. A) Correlograms of calculated estimates of MG-(E2-Ub) binding strengths and 

experimental affinities using ASGB-IE, MM/GBSA, three AutoDock scoring functions (Vina, 

Vinardo and dkoes_scoring) and PRODIGY-LIG. The three quality metrics and the best linear fit 
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are also presented. B) Protein-protein affinities in the presence and absence of MG and the affinity 

increase upon the binding of MG calculated with ASGB-IE and MM/GBSA.  

 

3.2. Key Protein-MG interactions stabilizing the multimeric system.  

While the above thermodynamic data are generally in good agreement with experimental 

observation, it is desirable to grasp more detailed insights with atomic details, which is also the 

strength of all-atom simulations compared with experimental measurements. To this aim, we pick 

the E2-Ub-131605 complex as an example due to its highest protein-MG binding affinity (see 

Table S1). Please refer to Fig. 3A for a 3D illustration of the protein-MG complex. Alanine 

scanning reveals that 42PRO, 46TYR, 47TYR, 117ASN and several other residues make the large 

contributions to the protein-MG binding (c.f., Fig, 3B). The top-4 residues have a binding free 

energy generally larger than the empirical rule (1 kcal/mol) and thus could be considered as hot 

spots. According to the 2D interaction map shown in Fig. 3C, the nature of the protein-MG 

interactions are mainly hydrophobic contacts and aromatic π-π stacking forces. An interesting 

phenomenon to note is that most of residues with high energetic contributions are on the E2 protein, 

and only one residue 218LYS is on Ub. This is not an expected fact, as MG is closer to E2 and 

interacts with mostly protein residues on E2.  
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Fig. 3. Residue-Specific Interactions Between E2-Ub and Compound 131605. (A) Bar chart 

illustrating the average contributions of E2-Ub pocket residues to the binding of compound 

0131605. Only residues with a ΔΔG greater than 1.0 kcal/mol are included. (B) Interaction 

diagram highlighting the pocket residues of E2-Ub in contact with compound 131605. Residues 

predominantly involved in vdW and electrostatic interactions are colored in blue. (C) Schematic 

representation of the 2D interactions between molecular glue (compound 131605) and the 

hotspot residues of the protein.   

 

3.3. All-atom insights into protein-protein interactions.  

A more important feature of the E2-Ub-MG multimeric complex is the MG-induced 

strengthening of E2-Ub coordination. We therefore present the interfacial contacts in Fig. 4A and 

probe the ASGB-IE energetics in the E2-Ub pair in the presence and absence of MG in Fig. 4B. 

The presence of MG incurs significant increases in binding strengths of multiple key residues. For 

instance, residue 110LEU demonstrates a marked increase in 𝛥𝛥𝐺𝑏𝑖𝑛𝑑
𝑥→𝑎 from 1.26 kcal/mol in the 
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absence of glue, to 2.91 kcal/mol when molecular glue is present. Similarly, residue 20GLU 

exhibits a shift from a relatively minimal 0.45 kcal/mol to a more substantial 2.40 kcal/mol under 

the influence of molecular glue. Such MG-induced PPI augmentation is also reflected in the 

structural packing. In Fig. 4C, we show the intermolecular packing (contact number, to be specific) 

of the top-3 hot spots in Fig. 4B, where the intermolecular coordinations of these hot residues are 

strengthened. The structural comparison shown in Fig. 4D suggests a similar trend. These 

observations provide the structural foundation of the ASGB-IE energetics and validates the 

reasonableness of our computational workflow.  

 

 

Fig. 4. Comparative Analysis and Structural Representation of E2-Ub Interactions. A) Co-

crystal structure of E2-Ub complexed with compound 131605, with E2 highlighted in pale green, 

Ub in orange, MG in silver and interfacial residues in the stick presentation. B) Energetic 

contributions to PPI stabilization with and without the 131605 MG. The top-3 hot spots are all on 

the E2 chain. C) Intermolecular protein-protein packing measured by contact numbers for the 
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top-3 hot spots in the presence and absence of MG and D) the corresponding structural 

comparison.  

 

3.4. A general picture of the multimeric E2-Ub-MG interaction.  

The above analyses of protein-ligand (protein-glue) and protein-protein interactions provide 

some basic insights into the coordination features in the multimeric system. In order to extract a 

general picture of the complex multimeric protein-protein-ligand interaction, in this section we 

extract the general interaction maps from energetics of all protein-ligand and protein-protein pairs.  

As depicted in Fig. 5A, on the protein-ligand interface, 10 residues (47TYR, 117ASN, 42PRO, 

46TYR, 116LEU, 136TRP, 45THR, 113ILE, 146TYR, and 150ILE) exhibit significant energetic 

contributions to the protein-MG binding, with average energies of 57.72, 38.68, 36.32, 29.73, 

28.81, 26.13, 23.03, 17.83, 16.34, and 15.68 kcal/mol, respectively (see supplementary tables). 

Among them, a clear picture of structural features is that smaller and aromatic substituents 

contribute significantly to binding through π-π stacking and hydrophobic interactions, e.g., the top-

4 residues in the above list 47TYR, 116LEU, 42PRO, and 117ASN. Notably, only a single residue 

of Ub presents on this list, i.e., 218LYS, which is expected as from a structural perspective MG 

interacts mostly with E2 residues. A decomposition of the chain-specific protein-MG binding 

affinity is shown in Fig. S2, where the major role of E2 in stabilizing MG is clear. This fact actually 

makes the impact of MG binding similar to an allosteric effect.  

As for the protein-protein packing, we consider both the absence and presence of MG, as 

shown in Fig. 5B. In the E2-Ub complex (i.e., without MG), 110LEU, 113ILE, 107THR and 

104ASN provide the largest portions of stabilization effects. By contrast, with the addition of MG, 

many other residues especially 117ASN and 20GLU begin to exhibit noticeable stabilizing effects. 

Such a trend is generally systematic across all MG molecules, although the 131247 MG exhibits 

slightly different behavior for 20GLU and different residues experience different levels of 

energetic elevations (or penalties depending of the sign). Therefore, the general picture of the MG-

induced increase of E2-Ub affinities could be attributed to the contributions of these key resides 

lying at the protein-protein interface.  
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Fig. 5. Heatmaps of residue-specific energetic contributions: A) the MG-(E2-Ub) (protein-

ligand) pairs, B) the E2-Ub (protein-protein) pair in the absence and presence of MG. The unit of 

energy used in coloring is kcal/mol.  

 

4. Concluding Remarks.  

Accurate modelling of molecular glues in stabilizing the E2-Ub complex and in general PPI is 

difficult. The problem lies in the multimeric nature of the protein-protein-ligand complex and its 

complicated components, which poses difficulties in computational approaches working well in 

only a single area. In this work, we explore the possibilities of employing a generalized ASGB-IE 

workflow to handle such multimeric E2-Ub-MG complexes. The numerical results reveal that our 

method could not only rank protein-ligand affinities with a high accuracy and qualitatively capture 

MG-induced stabilization effects on a residue-specific level. By contrast, this is unachievable with 

standard methods like MM/GBSA and scoring functions (AutoDock families and PRODIGY-LIG). 

This approach provides a comprehensive SAR analysis, pinpointing key residues such as 42PRO, 

46TYR, and 47TYR in the E2 protein as major contributors to protein-MG binding, while Ub 

provides little contribution to the binding of MG. The enhancement of PPI by MG can be 

quantitatively predicted by computation, but its experimental measurement is not trivial. The 

presence of molecular glue enhances hydrophobic interactions and aromatic π-π stacking, 

reinforcing the stability of the ternary complex. We further extended the investigation into 

exploring the general picture of MG-(E2-Ub) protein-ligand and E2-Ub (protein-protein) 

complexes. These findings elucidate the mechanisms by which molecular glues promote selective 

protein degradation, a promising strategy for cancer therapeutics. Although experimental 
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validation of MG-induced cooperativity is limited, our results underscore the utility of molecular 

glues in rational drug design, offering new pathways for disrupting oncogenic protein interactions 

and advancing targeted anti-cancer therapies.   

Finally, it should be fair to note the limitation of the current study. In the current work, only 

one of the 18 MG-E2-Ub complexes has experimental complex structure and the other 17 systems 

are modelled with homology modeling. This could be a limitation of current workflows for the 

virtual screening of MG, which could be aided by the fusion of deep learning and physics-based 

modelling. For example, integrative deep-learning tools for biomolecular complexes (e.g., 

AlphaFold3) could be applied to provide initial 3D structural models of the multimeric complexes, 

enabling a fully computational workflow for the discovery and design of promising MG.    
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Supporting Information  

The detailed energetic components of all E2-Ub-MG ASGB-IE scans and a convergence 

check of all computed PPI strengths are provided in the supporting information.  
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