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Discovery and characterization of protein-protein interaction stabilizers 

Holly Renee Vickery 

Abstract 

Protein-protein interactions (PPIs) are vital for biology as they govern numerous essential 

biological processes, including signal transduction, enzymatic activity regulation, protein 

localization, and complex formation, collectively orchestrating cellular functions and maintaining 

homeostasis. The hub protein 14-3-3 interacts with hundreds of client proteins, including key 

signaling proteins CRAF and SOS1 and transcription factors Estrogen Receptor α (ERα), FOXO1, 

and TAZ. These 14-3-3/client interactions can be altered in disease, leading to undesirable activity 

and signaling. The Arkin Lab has pioneered a mass spectrometry-based site-directed disulfide 

tethering screen to identify PPI stabilizers and inhibitors. We have used this screen to discover 

stabilizers of various 14-3-3σ/client interactions including, CRAF, FOXO1, ERα, SOS1, and USP8. 

Disulfide fragment stabilizers lead to a 4 – 250-fold stabilization of 14-3-3σ/client complexes. To 

further characterize the effects of these stabilizers, we have developed Nanoluciferase 

bioluminescence resonance energy transfer (NanoBRET) assays to measure 14-3-3σ/CRAF, 

TAZ, and ERα interactions, where we have measured stabilizer EC50 values between 100 nM – 

1 μM. We have optimized 14-3-3σ/CRAF stabilizers for selectivity and potency and measured 

increased PPI formation in cells, decreased CRAF kinase activity, and decreased signaling 

through the mitogen-activated protein kinase (MAPK) pathway. Finally, we have expanded the 

disulfide tethering technology to a new class of hub proteins to discover stabilizers of additional 

PPIs to modulate their interaction in disease. 

 The first chapter of this dissertation provides a brief introduction to protein-protein 

interactions, their role in disease, and how they can be modulated. Moreover, it introduces the 

hub protein 14-3-3 and the critical roles it plays in regulating client protein biology.  



 viii 

 The second chapter describes a mass spectrometry-based site-directed disulfide tethering 

screen and how it has been applied to identify 14-3-3σ/client stabilizers for five different 14-3-3 

client proteins. We have identified general stabilizers, which stabilize multiple 14-3-3σ/client 

interactions, as well as selective stabilizers. These stabilizers were analyzed by mass 

spectrometry, fluorescence anisotropy, and X-ray crystallography to assess their binding, potency, 

and interactions at the PPI interface, respectively. This work identified stabilizers that were further 

optimized to selectively stabilize the 14-3-3σ/FOXO1, 14-3-3σ/ERα, and 14-3-3σ/CRAF 

interactions.   

 The third chapter reports the development of a NanoBRET assay to characterize 14-3-

3σ/client molecular glues. We developed this NanoBRET assay for three 14-3-3σ/client 

interactions: CRAF, TAZ, and ERα. Developing this cellular NanoBRET system for the hub protein 

14-3-3σ allows for a streamlined approach in the assay development process for other 14-3-3σ 

clients, bypassing multiple optimization steps. These results offer a robust platform for library 

exploration to identify and evaluate PPI stabilizers and inhibitors.  

The fourth chapter describes the optimization and evaluation of 14-3-3σ/CRAF stabilizers 

to inhibit the MAPK pathway in cancer. We show that compounds designed through a fragment 

merging approach have been optimized for potency and selectivity for CRAF over ARAF and 

BRAF. X-ray crystallography uncovers interactions between 14-3-3σ, RAF peptides, and 

stabilizers to reveal mechanisms of compound selectivity. Optimized compounds glue the 14-3-

3σ/CRAF PPI in cells and inhibit signaling through the MAPK pathway in cancer cells.  

The fifth chapter builds upon the hub protein stabilization technology developed in the 

Arkin Lab with the hub protein 14-3-3 and expands this technology to a new hub protein/client 

system. The tethering screen identified stabilizers and inhibitors of the hub protein/client 

interaction, suggesting that this technology can be extended to identify modulators of many PPIs 

implicated in various diseases. 
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Chapter 1 

Modulating protein-protein interactions in disease 

Contributing Authors: 

Holly R. Vickery1 

1Department of Pharmaceutical Chemistry and Small Molecule Discovery Center (SMDC); 

University of California, San Francisco; San Francisco, CA 94158, USA 
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Abstract 

Protein-protein interactions (PPIs) play a pivotal role in the pathogenesis of various diseases, 

serving as crucial determinants of cellular signaling, function, and dysregulation in conditions such 

as cancer, neurodegenerative disorders, and infectious diseases. Modulating PPIs with small 

molecules offers a promising therapeutic strategy, enabling precise control over complex 

biological processes implicated in disease progression and providing avenues for the 

development of novel therapeutic interventions. 14-3-3 proteins are a family of highly conserved 

hub proteins which play key roles in diverse cellular processes by binding to numerous partner 

proteins, therefore influencing their cellular localization, stability, and activity in various cellular 

pathways. Stabilizing PPIs involving 14-3-3 proteins with molecular glues represents a promising 

therapeutic approach and selective method to study the role of a single PPI. Stabilizers of 14-3-

3/client interactions have been identified through a disulfide tethering screen, which measures 

the covalent binding of disulfide-containing fragments to 14-3-3/client complexes. Discovering PPI 

stabilizers can lead to a deeper understanding of the role of proteins in complex pathways, single 

PPIs within PPI networks, and PPIs and pathways in disease. 
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Main Text 

PPIs are central to biology and serve as the foundation of virtually every cellular process, 

playing pivotal roles in signal transduction, gene regulation, enzymatic activity, and various other 

biological functions.1–3 These interactions occur when two or more proteins come into physical 

contact to form complexes, which can have profound implications for the structure, function, and 

regulations of proteins within cells (Figure 1.1A). Understanding the intricate networks of PPIs is 

essential for deciphering the complexity of cellular pathways and for elucidating the molecular 

mechanisms underlying physiological and pathological processes. Hub proteins are proteins that 

interact with many other proteins within a biological network.2 These proteins have complex 

interactomes and exceptionally high degrees of connectivity (Figure 1.1B). In recent years, 

advancements in experimental techniques and computational methods have significantly 

improved our ability to study and characterize new PPIs, opening new opportunities for drug 

discovery and the development of targeted therapeutics.1–7  

When targeting a protein interactome with small molecules, one can either directly target 

proteins themselves or target PPIs. PPIs were once considered undruggable due to their lack of 

well-defined binding pockets on protein surfaces and their dynamics and flexibility. Advancements 

in structural biology, computational modeling, and screening technologies have led to the 

discovery of new approaches and strategies for targeting PPIs.1–3,6–8 Targeting PPIs offers several 

advantages over directly targeting individual proteins. Firstly, directly targeting a single protein 

may inadvertently impact other proteins it interacts with, along with the signaling pathways in 

which it participates. Conversely, selectively modulating a PPI ensures that only the targeted 

interaction is influenced, leaving the remaining PPIs intact. Additionally, many biological 

processes are regulated by complex networks of protein interactions rather than single proteins 

alone. By disrupting specific PPIs, small molecules can modulate entire pathways or signaling 

cascades, leading to more profound and targeted therapeutic effects. Moreover, since PPIs 
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typically involve interactions between structurally conserved domains or motifs across different 

proteins, small molecules targeting PPIs may exhibit broader specificity and applicability across 

various disease states. Overall, targeting PPIs presents a promising approach for developing 

innovative and effective therapies for a wide range of diseases, including cancer, 

neurodegenerative disorders, and infectious diseases.1–3,7  

PPIs can be modulated in two primary ways: inhibition and stabilization. PPI inhibition 

involves disrupting or preventing the interaction between two proteins.1,9 This can be achieved by 

designing molecules that bind to the interface of the interacting proteins, thereby blocking their 

interaction. By inhibiting crucial PPIs involved in disease pathways, such as those related to 

cancer or inflammation, it is possible to intervene and potentially halt disease progression. 

Conversely, PPI stabilization involves enhancing or promoting the interaction between two 

proteins.2,3,6,7 This can be desirable when the natural interaction between two proteins is weak or 

transient but plays a critical role in cellular function. Stabilizing PPIs can be therapeutically 

beneficial in cases where enhancing specific interactions can restore normal cellular function or 

promote beneficial signaling pathways. PPI stabilization could be just as important for drug 

discovery as inhibition and may be a more selective approach to study the role of a single PPI in 

a hub protein’s network. However, approaches to identify stabilizers of PPIs are have only recently 

been developed.2,3,7  

14-3-3 is a hub protein that interacts with hundreds of client proteins and therefore 

regulates many cellular pathways. The 14-3-3 family plays essential roles in diverse cellular 

processes such as signal transduction, cell cycle control, apoptosis, and protein trafficking.10–14  

14-3-3 proteins bind to phosphorylated (phospho-Serine or phospho-Threonine), unstructured 

regions on client proteins, thereby modulating the activity, stability, and subcellular localization of 

the client protein (Figure 1.2).10 Dysregulation of 14-3-3-mediated signaling has been implicated 

in numerous diseases, including cancer, neurodegenerative disorders, and metabolic syndromes, 
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highlighting the importance of this protein family as potential therapeutic targets.15 Noteworthy 

among its numerous clients are key proteins such as the kinase CRAF and the transcription factor 

ERα, both intricately linked to various cancers.16–23 Consequently, targeting the protein-protein 

interaction between 14-3-3 and its clients presents a compelling avenue for the development of 

innovative therapeutic strategies aimed at combatting these diseases. 

Site-directed tethering is an approach developed to identify disulfide-containing fragments 

that covalently bind to a protein of interest by formation of a disulfide bond.2,3,7,24,25 This high-

throughput screen can be used to identify fragments that bind to a protein of interest or to a PPI. 

To identify stabilizers of 14-3-3/client interactions, we have pioneered a mass spectrometry-based 

site-directed disulfide tethering screen. This screen has been used to identify stabilizers and 

inhibitors of various 14-3-3σ/client interactions by tethering from the native C38 in 14-3-3σ, or 

engineering cysteine residues in 14-3-3σ or other isoforms.2,3  
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Figures 

 

Figure 1.1: Protein-protein interactions 
A) PPIs occur upon physical contact between two or more proteins. B) Example of a hub protein 
interactome. Hub proteins interact with many other proteins which may also interact with each other.  
 

 
Figure 1.2: Functions of the hub protein 14-3-3 
Upon binding to a client protein, 14-3-3 can have various functions. A) 14-3-3 can structurally change its 
client protein. This can have effects such as regulating client protein enzyme activity. B) 14-3-3 can 
physically occlude structural features on its client protein, having effects such as inhibiting the formation of 
other PPIs, protecting residues from dephosphorylation, and regulating the client protein subcellular 
localization. C) 14-3-3 can scaffold other PPIs, stabilizing multiprotein complexes.  
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Abstract 

 
Protein-protein interactions (PPIs) are responsible for the proper function of biological processes 

and, when dysregulated, commonly lead to disease. PPI stabilization has only recently been 

systematically explored for drug discovery despite being a powerful approach to selectively target 

intrinsically disordered proteins and hub proteins, like 14-3-3, with multiple interaction partners. 

Disulfide tethering is a site-directed fragment-based drug discovery (FBDD) methodology for 

screening small molecules in a quantitative, high-throughput manner. We explore the scope of 

the disulfide tethering technology for the discovery of selective fragments as starting points for 

the development of potent small molecule PPI stabilizers and molecular glues using the hub 

protein 14-3-3σ. The complexes with 5 biologically and structurally diverse phospho-peptides, 

derived from the 14-3-3 client proteins ERα, FOXO1, CRAF, USP8, and SOS1, were screened 

for hit identification. Stabilizing fragments could be found for 4/5 client complexes with a diversified 

hit-rate and stabilizing efficacy for the different 14-3-3/client phospho-peptides. Extensive 

structural elucidation revealed the ability and adaptivity of the peptide to make productive 

interactions with the tethered fragments as key criterion for cooperative complex formation. We 

validated eight fragment stabilizers, six of which showed selectivity for one phospho-peptide client, 

and structurally characterized two nonselective hits and four fragments that selectively stabilized 

CRAF or FOXO1. The most efficacious of these fragments increased 14-3-3σ/CRAF phospho-

peptide affinity by 430-fold. Disulfide tethering to the wildtype C38 in 14-3-3σprovided diverse 

structures for future optimization of 14-3-3/client stabilizers and highlighted a systematic method 

to discover molecular glues.  
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Introduction 

Protein-protein interactions (PPIs) are essential to biology and their dysregulation is 

central to many diseases including cancer and neurodegeneration.1–4 Many of these important 

PPIs include “hub proteins” that interact with a large number of protein partners, ranging from a 

few dozen to a few thousand.5 Small molecules that inhibit or stabilize individual PPIs within these 

networks would be powerful tools to understand the effect of a single PPI on cellular function. 

Although PPIs were historically considered “undruggable”, there has been much progress in 

developing small molecule PPI inhibitors as biological probes and therapeutics.6–10 By contrast, 

PPI stabilization has remained largely underexplored, despite its potential to be a selective 

method for the manipulation of a single interaction within a protein network.11,12 Stabilization also 

has the potential to target unstructured, difficult to drug proteins via composite PPI binding 

pockets.13,14 Molecular glue degraders and natural products have demonstrated the therapeutic 

value of stabilizing native or non-native (neomorphic) PPIs.15–17 However, there are few robust, 

generalizable strategies to discover PPI stabilizers prospectively.11,18 Here, we describe a robust 

and instructive approach, using site-directed fragment based drug discovery (FBDD) to 

systematically discover molecular glues. 

FBDD is a well-established method for the discovery of small molecules towards 

challenging targets.19,20 Fragments are simple chemical building blocks that – owing to their small 

number of atoms – sample chemical space efficiently. FBDD involves screening for weakly 

binding fragments that target subsites within a binding site, followed by fragment optimization via 

linking two fragments or elaborating a fragment-sized core. Disulfide tethering is a method of 

FBDD that capitalizes on a native or engineered cysteine residue proximal to an envisaged ligand 

binding site.21–24 In the context of orthosteric PPI stabilization, this binding site is composed of 

both members of the protein complex (the composite PPI interface). Fragments that bind to this 

site with the correct positioning to form a protein-fragment disulfide bond are detected by intact 
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protein mass spectrometry (MS) in a high-throughput screen.25 We utilize a library of 

approximately 1600 disulfide molecules with diverse fragments and linkers between the fragment 

and the disulfide.26 To test the efficacy of this technology to discover PPI stabilizers, we have 

selected the hub protein 14-3-3 and a set of its diverse partner proteins.  

14-3-3 is ubiquitously expressed in mammals and plays multiple roles within the cell, 

including phosphorylation protection, conformational changes, subcellular trafficking, and in-

duction or disruption of other PPIs.13,27–29 14-3-3 typically binds to a phosphorylated 

serine/threonine of  intrinsically disordered regions of its clients.30 With several hundred known 

interacting partners, the 14-3-3-binding proteome pro-vides diverse PPI interfaces with which to 

test the scope and limitations of our screening technology. Furthermore, 14-3-3/client stabilization 

could lead to therapeutics in a variety of disease fields including oncology, neurodegeneration, 

inflammation, and metabolic disease.29,31 Previous studies using natural products such as 

Fusicoccin (FC-A) and Cotylenin-A (CN-A) have shown that stabilizing 14-3-3/client interactions 

regulates the activity of important cell signaling pathways including estrogen receptor α (ERα) 

and CRAF, respectively.14,32  

We recently demonstrated the utility of disulfide tethering to identify molecular glues of the 

14-3-3/ERα PPI. We dis-covered a series of disulfide fragments that stabilized the complex when 

bound to an engineered cysteine residue in the binding groove of 14-3-3, enhancing binding of 

the ERα C-terminal phosphopeptide up to 40-fold.25 We now focus on targeting the native cysteine 

found in the 14-3-3 sigma isoform (14-3-3σ), which offers greater translatability for covalent 

molecules. Of the 7 isoforms found in mammalian cells, 14-3-3σ is the only one that harbors a 

cysteine residue proximal to the client binding groove, providing an additional degree of isoform 

specificity (Figure 2.1A).30 The Protein Data Bank contains dozens of crystallographic structures 

of 14-3-3 with bound phospho-peptides derived from many of its binding partners, as well as a 

few examples of cryo-EM structures of full length proteins.13,33–35 This wealth of structural 
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information allows for direct visualization of the various 14-3-3/client binding interfaces which 

could be capitalized on for the discovery of selective fragment stabilizers and the development of 

potent lead compounds through structure-guided chemical optimization. For our screens, we 

utilized the phospho-peptide mimetics of 14-3-3 PPI partners which bind 14-3-3 in a similar 

fashion to the unstructured regions of the full-length proteins but offer greater synthetic flexibility 

and simplified crystallography.13,34 

Here, we used the disulfide tethering technology to systematically achieve selective PPI 

stabilization of 14-3-3 client phospho-peptides with diverse sequences and structures. The 

selected clients are also modulated by 14-3-3 in a way that could be therapeutically useful in 

cancer, metabolic disease, and/or rare disease.14,36–39 For four of the five targets, effective PPI 

stabilizers were identified. Crystallographic and functional data highlight the molecular recognition 

of fragments for the distinctive composite PPI interfaces formed by 14-3-3 bound to client 

phospho-peptides. In particular, the CRAF- and FOXO1-based peptide-protein interactions with 

14-3-3 yielded fragments with high selectivity and/or stabilization factors. The diversity of 

sequences and conformations found in 14 3 3/client complexes make the 14-3-3 interactome 

particularly promising for small-molecule PPI stabilization; furthermore, the disulfide tethering 

approach is remarkably effective at selecting chemical starting points for further design of potent 

and selective PPI stabilizers.  

 

Results and Discussion 

Primary Screen for 14-3-3/Client Stabilizers 

The disulfide tethering screen targeted C38, a native cysteine on 14-3-3σ located proximal 

to the natural product binding pocket within the phospho-peptide recognition groove (Figure 2.1A, 

Figure S2.1). The cysteine forms a reversible covalent bond with the fragment thiol through 

disulfide exchange; the amount of bound fragment is measured by MS. A fragment stabilizer is 
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expected to show a higher “% tethering” in the presence of the 14-3-3σ/client phospho-peptide 

complex than 14-3-3σ alone due to cooperativity between the fragment and the peptide (Figure 

2.1B). The screening was performed on five different peptide targets displaying three conceptually 

distinct 14-3-3 interaction motifs (Figure 2.1C): truncated (ERα),14,40 turned (FOXO1),37 and linear 

(CRAF, USP8, SOS1).32,35,38,41 

14-3-3σ (100 nM) was screened in complex with the 5 client phospho-peptides at a 

concentration twice their respective KD values (Figure S2.2). This condition provided a consistent 

presence of the 14-3-3σ/phospho-peptide composite interface that the fragments would engage. 

The 14-3-3σ/phospho-peptide complex was incubated with a single concentration of fragment 

(200 μM) under reducing conditions (250 μM β-mercaptoethanol) for 3 hours before samples were 

measured by intact-protein LC/MS. The % tethering threshold for hit selection was three standard 

deviations (3*SD) above the average % tethering for that condition (Figure 2.2A). In the quadrant 

of highest interest, potential stabilizing fragments showed % tethering above the tethering 

threshold in the peptide screen and % tethering below the tethering threshold in the apo screen 

(Figure 2.2B, green quadrant). Neutral compounds showed significant % tethering for both 14-3-

3σ/phospho-peptide and apo (Figure 2.2B, yellow quadrant). Potential inhibitory fragments 

showed significant % tethering above the tethering threshold in the apo screen but not in the 

presence of peptide (Figure 2.2B, red quadrant). Compounds were clustered in a heat map based 

on % tethering in each of the five peptide screens and apo 14-3-3 screen (Figure 2.2C). An 

overlapping fragment hit cluster was identified for ERα, USP8, and SOS1 (Figure 2.2C, green 

box), whereas a cluster of unique hit fragments was identified for both CRAF and FOXO1 (Figure 

2.2C, yellow boxes), indicating a difference in the abundance of selective stabilizers from the 

primary screens. 

Each 14-3-3σ/phospho-peptide screen yielded potential stabilizing fragments, but the 

number and binding efficiency varied (Figure 2.2A, 2.2C, 2.2D, and Tables S2.1-S2.5). The initial 
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screen for ERα yielded 15 hit fragments including 7 unique stabilizers and a 33% tethering 

threshold. The FOXO1 screen yielded 23 hit fragments including 21 unique stabilizers and a 28% 

tethering threshold. The CRAF screen yielded 21 fragments including 16 unique stabilizers and a 

35% tethering threshold. The USP8 screen yielded 10 hit fragments including 5 unique stabilizers 

and a 29% tethering threshold. The SOS1 screen yielded 8 hit fragments including 4 unique 

stabilizers and a 22% tethering threshold (Figures 2.2A and 2.2D). Figure 2.2E depicts 

representative chemical structures for each target. 

Non-Selective Stabilizing Compound 1 

In the initial screen, compound 1 was identified as top hit for ERα, CRAF and USP8 (Figure 

2.2). 1 was further characterized by three dose-response experiments. Mass spectrometry 

(MSDR, analyzing fragment binding to protein, quantified by DR50 values) and fluorescent 

anisotropy (FADR, analyzing peptide binding to protein in the presence of compound, quantified 

by EC50 values) defined the binding affinity for the fragment and its effective concentration, 

respectively (Figure 2.3B). The compound’s effect on the 14-3-3/client PPI was then determined 

by titrating 14-3-3 in a fluorescence anisotropy assay at constant peptide and compound 

concentrations (quantified by appKD). In all three validation assays, 1 displayed a strong 

preference for CRAF, followed by ERα and USP8, and had no activity with FOXO1 or SOS1. 

Compound 1 showed DR50 values of 7 nM for CRAF, 18.1 μM for ERα, and 24 nM for USP8 

(Figure 2.3C) as well as EC50 values of 922 nM for CRAF, 1.31 μM for ERα, and 3.38μM for USP8 

(Figure S2.3). In the protein titrations, 1 increased peptide affinity for 14-3-3σ by 81-fold in the 

CRAF complex, 19-fold for 14-3-3σ/ERα, and 4-fold for 14-3-3σ/USP8 (Figure 2.3D and Table 

2.1).  

Crystal structures for compound 1 were obtained by co-crystallizing with ERα, CRAF, or 

USP8 bound to 14-3-3σ (Figure 2.3E), with clear density for both 1 and the peptides (Figure S2.4). 

Comparing the three co-crystal structures, the strongest electron density and ligand occupancy 
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for 1 was observed in the co-crystal structure with ERα. For ERα, the phenyl ring of 1 stacked 

against the +1 Val with a distance of ~4 Å (Figure 2.3E). Compound 1 showed an identical binding 

mode in the presence of CRAF (Figure 2.3F), for which the +1 Thr was 3.5 Å from the phenyl ring, 

while the remainder of the CRAF peptide wrapped around the fragment. These additional 

hydrophobic interactions could explain the higher fold stabilization with the CRAF peptide 

compared to ERα (Figure 2.3D, 2.3F). Interestingly, 1 shared the binding moiety with N42C-

tethered stabilizers that were discovered previously for ERα (Figure 2.3G).25 Whereas compound 

1’s chloro-group was not positioned identically, the longer linker of 1 bridged the larger distance 

from C38 compared to N42C. In the presence of the USP8 peptide, the phenyl ring of 1 was 

turned, thereby shifting the fragment up and back into the 14-3-3σ pocket (Figure 2.3E). This 

conformational change seemed necessary because the USP8 peptide allowed for less space 

(Figure 2.3H). While the +1 Ser of UPS8 did not show any specific interaction with 1, its +4 Ile 

pushed the fragment towards 14-3-3σ, which was not an ideal position for this fragment as was 

reflected by the weak electron density and the minimal stabilization for USP8. By contrast, the +4 

Val of CRAF allowed for more space, thereby positioning 1 in a preferred conformation. It is 

noteworthy that 1 did not stabilize FOXO1 or SOS1 to 14-3-3σ. A crystallographic overlay of 1 

with the FOXO1 peptide showed a steric clash with the +1 Trp of FOXO1, explaining its lack of 

stabilization (Figure S2.5A). In contrast, the +1 Ala residue of SOS1 would not contact the phenyl 

ring of 1, perhaps explaining why no stabilization was observed (Figure S2.5B).  

FOXO1 Selective Stabilizers 

The FOXO1 peptide showed the highest number of stabilizing hits in our initial screen. For 

FOXO1, of the 23 initial stabilizers, 21 showed selectivity for the 14-3-3σ/FOXO1 phospho-

peptide complex over apo 14-3-3σ and the other phospho-peptide clients in the initial screen 

(Figure 3.2D). Interestingly, the unique 21 FOXO-stabilizers had a highly conserved scaffold, with 

the phenyl ring engaging FOXO1 often decorated with halogens or a triazole moiety (Figure S3.6). 
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Eight of these compounds were validated in the MSDR (Figure S3.7). Of the eight compounds, 

five compounds had enough material to retest and were active in the FADR assays (Figure 3.4A, 

Figure S3.8, and Table S3.2). The binding affinity of compound 2 to 14-3-3σ was >10,000-fold 

better in the presence of the FOXO1 phospho-peptide than apo 14-3-3σ and all other phospho-

peptide clients (DR50 = 360 nM vs. >2 mM; Figure 3.4B and Table 3.2). Compounds 3 and 4 had 

DR50 values >450-fold and >2,000-fold better, respectively (Table 3.2 and Figure S3.7). 

Compounds 2, 3, and 4 showed the greatest fold-stabilization in the protein titrations decreasing 

14-3-3σ/FOXO1 KD values 5-fold, 4-fold, and 12-fold (Figure 3.4C, Table 3.2, and Figure S3.9). It 

should be noted that while a high % tethering was observed for the FOXO1 stabilizers, the protein 

titrations only showed a modest shift in stabilization. This is likely due to the tight binding of the 

FOXO1 phospho-peptide, with a KD value of 50 nM, already close to the limit of detection of this 

assay. A co-crystal structure for FOXO1/2/14-3-3σ was obtained, with clear density for both 2 and 

the FOXO1 peptide (Figure S3.10A). The phenyl ring of 2 stacked against the front of the FOXO1 

peptide consisting of the +1 Trp and the +2 Pro residues (Figure 3.4D). Strikingly, in the presence 

of 2, the Trp of FOXO1 underwent a conformational change to form a hydrogen bond with its NH 

and the amide carbonyl of 2 (Figure 3.4E). Moreover, the hydroxyl on the phenyl ring of 2 made 

a hydrogen bond with the S45 of 14-3-3σ, explaining the benefit of a hydrogen donor or, potentially, 

acceptor at that position. Compound 3 was also co-crystallized with FOXO1 (Figure S3.10B), 

showing a highly similar binding mode, but a lack of the hydrogen bonding with S45 of 14-3-3σ 

(Figure S3.10C). An overlay of 2 with the other peptides revealed that 2 could not reach the 

smaller +1 residues in the other client peptides or that the peptides sterically clashed (Figure 

S3.11), potentially explaining its selectivity for FOXO1 over the other peptides. Previous work 

discovered imine-based stabilizers for the 14-3-3/Pin-1 complex which, similar to FOXO1, has a 

+1 Trp.42 In that work, the Trp engaged in π-π stacking interactions with an aromatic ring of the 

stabilizers. By contrast, the +2 Pro of FOXO1 locked the conformation of the +1 Trp and thereby 

prevented such a π-π stacking interaction with 2, while the +2 Arg of Pin-1 allowed π-π stacking 
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to take place. Thus, while the compound 2/3 scaffold emphasized the chemical moieties 

necessary for stabilizing FOXO1, crystal structures also expose a lack of flexibility of the FOXO1 

peptide.  

CRAF Selective Stabilizers 

Following FOXO1, CRAF had the highest number of stabilizers. Of the 21 initial CRAF 

stabilizers, 16 compounds showed selectivity for the 14 3 3σ/CRAF phospho-peptide complex 

over apo 14-3-3σ and the other phospho-peptide clients in the primary screen (Figure 3.2D). 

Eleven compounds showed a similar scaffold which was remarkably analogous to the conserved 

scaffold for the FOXO1 stabilizers (Figure S3.12). However, the linker element of these 

compounds was often longer in the case for CRAF, and the phenyl ring was decorated with large 

cyclic groups while for FOXO1 only smaller halogen groups were tolerated. This is likely due to 

the smaller +1 residue of CRAF (Thr for CRAF, Trp for FOXO1), thereby leaving more space for 

the compound. Furthermore, two CRAF stabilizers were shared with ERα, both of which have a 

similar size in +1 residue (Val for ERα, Thr for CRAF). Nine of the 16 selective compounds were 

validated for potency and selectivity in the MSDR (Figure S3.13). Four of the nine compounds 

(compounds 5-8; Figure 3.5A) showed activity in FADR (Figure S14 and Table S3) and 

stabilization in the protein titrations (Table 3.3 and Figure S3.15).  

Compounds 5 and 6 were the most effective stabilizers. Compound 5 had a DR50 

value >3,000-fold lower in the presence of the CRAF peptide compared to 14-3-3σ alone (Figure 

3.5B) and showed a 246-fold stabilization of the 14-3-3σ/CRAF phospho-peptide complex (KD = 

23 μM to 92 nM; Figure 3.5C). Compound 6 had a DR50 value 230-fold lower in the presence of 

CRAF compared to apo 14-3-3σ and a 426-fold stabilization of the 14-3-3σ/CRAF complex (Table 

3.3, Figure S3.13 and S3.15).  

The crystal structure of 5 with CRAF and 14-3-3σ revealed a contact between the 

naphthalene ring of 5 and the +1 Thr residue of CRAF. The methyl group of 5 also seems 
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important for hydrophobic interactions with the +1 Thr residue of CRAF, at a distance of 3.8 Å 

(Figure 3.5D, Figure S3.16A). An overlay of the CRAF peptide in the presence of 5 with the apo 

CRAF peptide showed no change in conformation of the +1 Thr residue. In contrast, the +4 Val 

residue of the CRAF peptide changed conformation to make space for 5 (Figure 3.5E).  

We also crystallized compound 7 as a representative of the other structural class of the 

selective CRAF stabilizers (Figure S3.16B). Compound 7 had a DR50 value >228-fold lower in the 

presence of the CRAF peptide than apo 14-3-3σ (Figure 3.5F) and was less selective for CRAF 

compared to 5 in the MSDR (Figure S3.13). However, compound 7 showed no stabilization of any 

of the peptides other than CRAF in the FADR (Figure S3.14C), reflecting the selectivity shown in 

the primary screen. The weaker 14-3-3σ binding of 7 (12.2 μM DR50) was reflected in a somewhat 

lower stabilization of the 14-3-3σ/CRAF complex compared to the other chemotype of 5 and 6 

(77-fold vs 246- and 426-fold, respectively; Figure 3.5G, Figure S3.15). Co-crystallization of 7 with 

CRAF and 14-3-3σ revealed a novel orientation of its phenyl ring towards the roof of 14-3-3σ, 

positioning its trifluoromethyl group above the CRAF peptide (Figure 3.5H). While the 

conformations of 5 and 7 were quite different, an overlay of the two structures shows that the 

trifluoromethyl group of 7 occupied the same cavity as the naphthalene ring of 5 (Figure S3.16C). 

Furthermore, an overlay of the CRAF peptide in the presence of 7 with the apo CRAF peptide 

revealed a conformational change of the +4 Val of CRAF, which stacked against the compound, 

pushing it towards 14-3-3σ. Additionally, a water-mediated hydrogen bond was formed between 

7 and the backbone of CRAF peptide (Figure 3.5I). The lower specificity for CRAF of 7 in the 

MSDR could be due to its small size, leaving room for alternative +1 residues to have a 

cooperative effect on 14-3-3σ engagement. Stabilizer 8 had an almost identical structure to 7, 

differing only in a chloro-group in the para-position of the phenyl ring, and showed similar binding 

modes to 7 in its structure with CRAF (Figure S3.16D and E).  
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Next to these CRAF selective stabilizers, the non-selective stabilizer compound 1 also 

showed a large fold-stabilization towards the CRAF peptide (Figure 3.3). A crystallographic 

overlay of these three scaffolds revealed remarkable differences in conformation of the 

CRAF/compound interactions (Figure S3.16F). These changes highlight the flexibility of the CRAF 

peptide, perhaps leading to its facility for stabilization, especially in the case of the stabilizers’ 

phenyl ring, which can occupy a wide range of positions and conformations in combination with 

the CRAF client phospho-peptide. 

 

Conclusions 

Systematic methods to discover small-molecule stabilizers of PPI would enable chemical 

biologists to probe challenging biological systems with potency and precision. By trapping proteins 

in complexes, stabilization can target proteins with intrinsically disordered regions and allow 

manipulation of a specific PPI from among related hub protein complexes within a network. 

Disulfide tethering, a powerful FBDD technique, is readily tunable to a specific site on a protein of 

interest, amenable to HTS, and provides a direct quantitative measurement of fragment binding.  

Here, we explored the scope of the disulfide tethering technology using the hub protein 

14-3-3σ and 5 biologically and structurally diverse phospho-peptides derived from the 14-3-3 

client proteins ERα, FOXO1, CRAF, USP8, and SOS1. Of the 1600 fragments in the disulfide 

library, 62 showed activity as stabilizers for one or more phospho-peptides and were assessed 

by MSDR. 36 of the 62 compounds were taken forward into the FADR assays to determine 

stabilization of a 14-3-3 client phospho-peptide. Finally, eight compounds showed cooperativity 

with the 14-3-3σ/phospho-peptide complex via 14-3-3σ protein titrations, and six were structurally 

characterized for their contacts with 14-3-3σ and the client phospho-peptide via x-ray 

crystallography (Figure S3.17A). Thus, the disulfide tethering strategy systematically discovered 

stabilizers for a range of peptide sequences, conformations, and affinities. 
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Of the 5 peptide targets selected, we discovered stabilizers for four clients, two of which 

also had selective stabilizers. Fragments increased binding affinity of the 14-3-3σ/phospho-

peptide complex as much as 430-fold in the case of 6 and 250-fold for our best structurally 

characterized hit, 5. Selective stabilizers distinguished between phospho-peptide clients due to 

the unique composite binding surface created by the phospho-peptide/14-3-3σ interface (Figures 

3.4 and 3.5). The non-selective stabilizers also showed varying degrees of efficacy in stabilizing 

different clients. Compound 1 facilitated a greater than 80-fold shift in affinity for CRAF, a 19-fold 

shift for ERα, a more modest 4-fold shift for USP8, but had no effect on SOS1 and FOXO1 (Figure 

3.3).  

The individual phospho-peptide binding motifs and C-terminal residues following the 

phosphorylation site create a distinct environment around the 14-3-3σ C38 fragment binding 

pocket, dictating what chemical moieties effectively facilitated cooperativity between 14-3-3σ, the 

phospho-peptide client, and the fragments. The stabilizers for FOXO1 had a highly conserved 

scaffold, consistent with the rigidity of this peptide (Figure S3.17B). In contrast, the stabilizers of 

CRAF were larger and showed more chemical diversity in their scaffold, emphasizing the flexibility 

of the CRAF peptide. The short ERα peptide resulted in limited selectivity, sharing many 

stabilizers with CRAF. Lastly, USP8 and SOS1 were the hardest to target, likely due to the 

proximity of the peptide C-terminus to C38 of 14-3-3σ, which was also reflected in the small 

scaffold of the discovered stabilizers from the primary screen (Figure S3.17B). Alternative 

cysteine tethering mutations could sample different sub-pockets to stabilize peptides which 

occupy more of the 14-3-3 binding groove. Taken together, the intrinsic diversity of the 14 3 

3/phospho-peptide composite binding interface allowed for selectivity and precision when 

targeting a specific 14-3-3/client PPI.  

While the focus of the screen was the discovery of fragment stabilizers, the screen also 

identified selective inhibitors, non-selective inhibitors, and neutral compounds for each client 
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peptide and 14-3-3 (Figure S3.18). Therefore, disulfide tethering is a versatile tool that can be 

expanded to meet a wide range of conditions and results in hits that disrupt or stabilize PPIs. 14-

3-3 provides an exciting proof of concept due to its large roster of clients, involvement in many 

biological processes, therapeutic potential, and extensive structural data, but the applicability of 

FBDD reaches beyond targeting a singular protein. It is due to this ease of access and applicability 

that disulfide tethering lends itself to the discovery of biological probes for PPIs and novel 

therapeutics for previously inaccessible biological challenges and diseases related to intrinsically 

disordered proteins. 
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Figures 

Figure 2.1: 14-3-3/client stabilizer approach 
A) The client protein binding groove of a 14-3-3σ monomer (white surface) highlighting the native cysteine 
(C38; yellow surface) and target thiol. B) General schematic of the primary disulfide tethering screen. 
Fragments were incubated with apo 14-3-3σ (white) without any phospho-peptide (top) and 14-3-3σ with 
the phospho-peptide client present (bottom). Fragments were assessed for their covalent engagement of 
C38 via mass spectrometry, termed “% tethering”. Fragments that bind 14-3-3σ with a higher % tethering 
in the presence of phospho-peptide than in the apo screen are selected for further analysis of cooperativity. 
C) Crystallographic structures of the 5 phospho-peptide clients bound in the 14-3-3σ (white surface) binding 
pocket showing proximity to C38 (yellow surface). ERα (red sticks) has a C-terminal motif with phospho-
threonine (pT) in the penultimate position and C-terminal valine (V) in the +1 position. FOXO1 (pink sticks) 
has a curved motif with tryptophan (W) in +1 position. CRAF (blue sticks), USP8 (orange sticks), and SOS1 
(green sticks) extend to various degrees into the 14-3-3 binding groove, with threonine (T), serine (S), and 
alanine (A) residues in the +1 position, respectively. PDB left to right: 4JC3, 6QZR, 4FJ3, 6F09, 6Y44. 
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Figure 2.2: Primary tethering screen results 
A) Scatterplot data illustrating the correlation of % tethering of fragments to 14-3-3σ in the presence of the 
phospho-peptide (y-axis) as compared to apo 14-3-3σ (x-axis). Hit selection threshold (mean + 3*SD) in 
each screen is indicated by a black dashed line. Compounds 1, 2, 5 and 7 are indicated as yellow, orange, 
red and cyan circles, respectively. B) Schematic of compound scatterplots. Quadrants are outlined by 
dotted lines signifying 3*SD above average % tethering for compounds in the presence of phospho-peptide 
(horizontal line) and apo 14-3-3σ (vertical line). Compounds in green quadrant showed increased binding 
to 14-3-3σ in the presence of phospho-peptide, yellow quadrant showed neutral binding to 14-3-3σ, and 
red quadrant showed a reduced binding in presence of phospho-peptide. C) Heat map of hit fragments 
across all 5 phospho-peptide screens and apo 14-3-3σ screen. Compounds clustered based on % tethering 
in each screen. Compounds 1, 2, 5 and 7 were of primary interest as non-selective and selective stabilizers. 
(D) Number of stabilizers of each peptide that were: unique, shared with one other peptide, shared with two 
other peptides, or shared with three other peptides (green bars with the darker color shared with more 
peptides). (E) Chemical structures of highlighted fragment hits 1, 2, 5, and 7. 
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Figure 2.3: Overview of biochemical and structural properties of non-selective stabilizer 1 
A) In mass spec dose response (MSDR), the focus was on compound binding to 14-3-3σ, measured by % 
tethering; fluorescence anisotropy dose response (FADR) experiments determined degree of stabilization, 
measured by phospho-peptide binding to 14-3-3σ in presence of compound. B) Chemical structure of 
stabilizer 1. C) MSDR curves for 1 showing percentage of fragment/protein conjugate formation with 14-3-
3σ apo, or in the presence of ERα, FOXO1, CRAF, USP8 or SOS1 peptide. D) 14-3-3σ titrations to 
fluorescein-labeled ERα, CRAF or USP8 in the presence of DMSO or 1 (1 mM), reporting a 19-, 81-, and 
4-fold increase of the 14-3-3σ/peptide binding interface, respectively. E) Crystal structure of 1 bound to 14-
3-3σ C38 in complex with (from left to right) ERα peptide, CRAF peptide, and USP8 peptide. Distances are 
indicated (Å, black dashes). F) Overlay of 1’s conformations when interacting with ERα and CRAF. G) 
Overlay of 1 (yellow) bound to 14-3-3σ C38 and previously reported stabilizer (blue) bound to 14-3-3σ 
mutant N42C (PDB ID: 6HMT) interacting with ERα phospho-peptides. H) Overlay of 1 bound to 14-3-3σ 
C38 interacting with CRAF and USP8.  
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Figure 2.4: Overview of selective stabilizers for FOXO1 
A) Chemical structures of highlighted FOXO1 selective stabilizers 2-4. B) MSDR curves for 2 showing 
percentage of fragment/protein conjugate formation with 14-3-3σ apo, or in the presence of ERα, FOXO1, 
CRAF, USP8 or SOS1 peptide. C) 14-3-3σ titrations to fluorescein-labeled FOXO1 in the presence of 
DMSO or 2 (1 mM), reporting a 5-fold increase in 14-3-3σ/FOXO1 binding. D) Crystal structure of 2 (orange) 
bound to 14-3-3σ (white) C38 in complex with FOXO1 phospho-peptide (pink). E) Overlay of FOXO1 
peptide in the apo-structure (white) with the FOXO peptide (pink) in presence of 2 (orange).  
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Figure 2.5: Overview of selective stabilizers for CRAF 
A) Chemical structures of highlighted CRAF selective stabilizers 5-8. B) MSDR curves for 5 showing 
percentage of fragment/protein conjugate formation with 14-3-3σ apo, or in the presence of ERα, FOXO1, 
CRAF, USP8 or SOS1 peptide. C) 14-3-3σ titration to fluorescein-labeled CRAF in the presence of DMSO 
or 5 (1 mM), reporting a 246-fold increase of 14-3-3σ/CRAF binding.  D) Crystal structure of 5 (red) bound 
to 14-3-3σ (white) in complex with CRAF phospho-peptide (blue). E) Overlay of CRAF peptide in the apo-
structure (white) with the CRAF peptide (blue) in presence of 5 (red). F) MSDR curves for 7 showing 
percentage of fragment/protein conjugate formation with 14-3-3σ apo, or in the presence of ERα, FOXO1, 
CRAF, USP8 or SOS1 peptide. G) 14-3-3σ titration to fluorescein-labeled CRAF in the presence of DMSO 
or 7 (1 mM), reporting a 77-fold increase of 14-3-3σ/CRAF binding H) Crystal structure of 7 (teal) bound to 
14-3-3σ (white) in complex with CRAF phospho-peptide (blue). I) Overlay of CRAF peptide in the apo-
structure (white) with the CRAF peptide (blue) in presence of 7 (teal).  
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Table 2.1: Tethering and stabilization of 14-3-3σ/clients by compound 1 

 
 
Table 2.2: Properties of selective FOXO1 stabilizers 

 
 
Table 2.3: Properties of selective CRAF stabilizers 
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Supplementary Figures 

 

 
Figure S2.1: Crystal structures of natural product stabilizers 
A) Fusicoccin-A (green sticks) and B) Cotylenin-A (pink sticks) bound to 14-3-3 (white surface) and clients 
ERα (red sticks) and CRAF (blue sticks), respectively. Cysteine 38 depicted as white sticks. PDB ID: 4JDD 
and 4IHL. 
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Figure S2.2: 14-3-3σ/phosphopeptide binding curves 
A) Protein titration with 14-3-3σ in presence of 100 nM FITC-labeled FOXO1 11-mer peptide determined 
KD. B) Competition assay used to determine Ki of acetylated FOXO1 11-mer peptide (Ac-FOXO1) for mass 
spectrometry experiments. Ac-FOXO1 was titrated from high to low concentration in presence of 100 nM 
FITC-FOXO1 peptide and 14-3-3σ at 3/2 KD value determined in (A). C) Protein titration with 14-3-3σ in 
presence of 100 nM FITC-labeled CRAF 36-mer peptide determined KD. D) Competition assay used to 
determine Ki of acetylated CRAF 11-mer peptide (Ac-CRAF). E) Protein titration with 14-3-3σ in presence 
of 100 nM FITC-labeled ERα 15-mer peptide determined KD. F) Competition assay used to determine Ki of 
acetylated ΕRα 15-mer peptide (Ac-ERα). G) Protein titration with 14-3-3σ in presence of 100 nM FITC-
labeled USP8 13-mer peptide determined KD. H) Competition assay used to determine Ki of acetylated 
USP8 13-mer peptide (Ac-USP8). I) Protein titration with 14- 3-3σ in presence of 100 nM FITC-labeled 
SOS1 13-mer peptide determined KD. J) Competition assay used to determine Ki of acetylated SOS1 13-
mer peptide (Ac-SOS1). K) Table of peptide affinities to 14-3-3σ based on data from A-J.  
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Figure S2.3: FADR curves for non-selective stabilizer 1 
Top black dashed line signifies maximum anisotropy control, the value of which was determined by peptide 
bound to 250 μM 14-3-3σ (at least 50-fold excess of peptide KD). Bottom dashed line signifies minimum 
anisotropy control, value determined by peptide only and no 14-3-3σ. From left to right: 917949 dose-
dependent stabilization of ERα phospho-peptide (red) binding to 14-3-3σ; 917949 stabilization of CRAF 
(blue) binding to 14-3-3σ; 917949 stabilization of USP8 (orange) binding to 14-3-3σ. SOS1 (green) and 
FOXO1 (pink) showed no stabilization as compared to DMSO control (grey). From left to right EC50 values: 
1.31 μM (ERα); 922 nM (CRAF); 3.38 μM (USP8); >2000 μM (SOS1); >2000 μM (FOXO1). 

 

Figure S2.4: Crystal structures of Compound 1 bound to 14-3-3σ/client complexes 
A-C) Crystal structures of Compound 1 (yellow sticks) with (A) ERα (red sticks) (B) CRAF (blue sticks) and 
(C) USP8 (orange sticks) complexed with 14-3-3σ (white cartoon and surface). D-F) Overlay of crystal 
structures of compound 1 (yellow sticks) – peptide complex with (D) ERα (red sticks when complexed with 
compound 1, white sticks as apo), (E) C- RAF (blue sticks when complex with compound 1, white sticks as 
apo), (F) USP8 (orange sticks when complexed with compound 1, white sticks as apo). PDB ID apo 
structures: 4JC3, 4FJ3, 6F09. 2Fo-Fc electron density maps are contoured at 1σ.  
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Figure S2.5: Overlays of compound 1 bound with different 14-3-3σ client peptides 
Crystallographic overlay of compound 1 (yellow sticks) with A) FOXO1 (pink sticks) and B) SOS1 (green 
sticks) in 14-3-3 (white surface), highlighting the clash of compound 1 with these peptides. PDB ID apo 
structures: 6QZR and 6Y44.  

 

Figure S2.6: FOXO1 stabilizer structures 
Scatter plot and chemical structures of the discovered stabilizers for FOXO1 from the primary screen, with 
in the light green box the unique stabilizers, the darker green box stabilizer shared with ERα and in the 
darkest green box the stabilizer shared with CRAF, USP8 and SOS1.  
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Figure S2.7: MSDR results for top FOXO1 selective stabilizers 
A) MSDR for FOXO1 hit compound 917234 showing selectivity for FOXO1 over other four 14-3-3σ client 
phospho-peptides and apo. DR50: 16.9 μM. B) MSDR for FOXO1 selective hit compound 917261. DR50: 
3.61 μM. C) MSDR for FOXO1 selective hit compound 917316. DR50: 42 nM. D) MSDR for FOXO1 selective 
hit compound 917383 (compound 4 in main text). DR50: 143.4 μM. E) MSDR for FOXO1 selective hit 
compound 917701 (compound 3 in main text). DR50: 2.2 μM. F) MSDR for FOXO1 selective hit compound 
917726 (compound 2 in main text). DR50: 360 nM. G) MSDR for FOXO1 selective hit compound 917800. 
H) MSDR for FOXO1 selective compound 917992. DR50: 48.7 μM.  
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Figure S2.8: FADR for FOXO1 selective stabilizers 
Fluorescence anisotropy dose response (FADR) curves for FOXO1 selective stabilizers 917726, 917701, 
and 917383 (compounds 2-4 in main text, respectively). Top black dashed line signifies maximum 
anisotropy control, the value of which was determined by peptide bound to 250 μM 14-3-3σ (at least 50-
fold excess of peptide KD). Bottom dashed line signifies minimum anisotropy control, value determined by 
peptide only and no 14-3-3σ. Controls were measured per plate. A) 917726 dose-dependent stabilization 
of FOXO1 phospho-peptide (pink) binding to 14-3-3σ. EC50 value with FOXO1: 5.1 μМ. ERα (red), CRAF 
(blue), USP8 (orange), and SOS1 (green) showed no increase in anisotropy over DMSO control (grey) 
indicating no stabilization. B) 917701 stabilization of FOXO1 (pink) binding to 14-3-3σ. EC50 value with 
FOXO1: 850 nM. No increase stabilization over DMSO control (grey) observed for ERα (red), CRAF (blue), 
USP8 (orange), or SOS1 (green). C) 917383 stabilization of FOXO1 (pink) binding to 14-3-3σ. EC50 value 
with FOXO1: 6.69μM. No increase stabilization over DMSO control (grey) observed for ERα (red), CRAF 
(blue), USP8 (orange), or SOS1 (green).  
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Figure S2.9: Fluorescence anisotropy protein titrations with selective compounds 2 and 3 
Fluorescence anisotropy protein titrations for FOXO1 and CRAF selective stabilizers 917701 and 917383 
(compounds 2 and 3 in main text, respectively. A) Addition of 1 mM 917701 (compound 3; pink curve) 
resulted in 4-fold decrease in 14-3-3σ/FOXO1 KD (10.6 nM vs. 42 nM) compared to DMSO control (grey 
curve). B) Addition of 1 mM 917383 (compound 4; pink curve) resulted in 12-fold decrease in 14-3-
3σ/FOXO1 KD (9.7 nM vs. 111 nM) compared to DMSO control (grey curve).  
 

 

Figure S2.10: Comparison of compounds 1 and 2 binding to the 14-3-3σ/FOXO1 complex 
Crystal structures of A) compound 2 (orange sticks) in complex with FOXO1 (pink sticks) and 14-3-3 (white 
surface) and B) compound 3 (blue sticks) with FOXO1 (pink sticks) and 14-3-3 (white surface). C) 
Crystallographic overlay of compound 2 (orange sticks) and compound 3 (blue sticks) with the FOXO1 
peptide (peptide color matching compound complexed with) in 14-3-3 (white surface). Hydrogen 
interactions are depicted as orange dashed lines for compound 2 and blue dashed lines for compound 3. 
2Fo-Fc electron density maps are contoured at 1σ.  
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Figure S2.11: Crystallographic overlay of compound 2 with various 14-3-3σ clients 
Crystallographic overlay of compound 2 (orange sticks) with ERα (red sticks), CRAF (blue sticks), USP8 
(light orange sticks) and SOS1 (green sticks) in 14-3-3 (white surface). (PDB ID: 4JC3 (ERα), 4FJ3 (CRAF), 
6F09 (USP8), 6Y44 (SOS1).  

 

Figure S2.12: CRAF stabilizer structures 
Scatter plot and chemical structures of the discovered stabilizers for CRAF from the primary screen, with 
in the light green box the unique stabilizers, in darker green box the stabilizers shared with ERα, in the 
darker green box shared with ERα and USP8 (= compound 1) and in the darkest green box shared with 
FOXO1, USP8 and SOS1.  
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Figure S2.13: MSDR for CRAF selective stabilizers 
Mass spectrometry dose response (MSDR) curves (blue) for top CRAF selective stabilizers. A) MSDR for 
CRAF hit compound 916851 (compound 7 in main text) showing preferential binding in presence of CRAF 
phospho-peptide over other four 14-3-3σ client phospho-peptides and apo. DR50 values: 12.2 μM (CRAF), 
5.62 μM (ERα), 8.54 μM (USP8), >2000 μM (SOS1), >2000 μM (SOS1), >2000 μM (apo). B) MSDR for 
CRAF hit compound 916856 (compound 8 in main text). 916856 was also a hit stabilizer in ERα primary 
screen and shows dose dependent engagement of 14-3-3σ in MSDR. DR50 values: 4.96 μM (CRAF), 14.5 
μM (ERα), 7.05 μM (USP8), >2000 μM (SOS1), >2000 μM (FOXO1), >2000 μM (apo). C) MSDR for CRAF 
selective hit compound 917215. DR50: 5.1 μM. D) MSDR for CRAF selective compound 917746. DR50: 910 
nM. E) MSDR for CRAF selective compound 917755. DR50: 5.82 μM. F) MSDR for CRAF selective 
compound 917963. DR50: 5.29 μM. G) MSDR for CRAF selective compound 917982. DR50: 5.45 μM. H) 
MSDR for CRAF selective hit compound 917999 (compound 5 in main text). DR50: 580 nM. I) MSDR for 
CRAF selective hit compound 918039 (compound 6 in main text). DR50: 8.78 μM.  
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Figure S2.14: FADR for FOXO1 selective stabilizers 
Fluorescence anisotropy dose response (FADR) curves for CRAF selective stabilizers 917999, 918039, 
916851, and 916856 (compounds 5-8 in main text, respectively). Top black dashed line signifies maximum 
anisotropy control, the value of which was determined by peptide bound to 250 μM 14-3-3σ (at least 50-
fold excess of peptide KD). Bottom dashed line signifies minimum anisotropy control, value determined by 
peptide only and no 14-3-3σ. Controls were measured per plate. A) 917999 dose-dependent stabilization 
of CRAF phospho-peptide (blue) binding to 14-3-3σ. EC50 values with CRAF: 220 nM. ERα (red), USP8 
(orange), SOS1 (green), and FOXO1 (pink) showed no increase in anisotropy over DMSO control (grey) 
indicating no stabilization. B) 918039 stabilization of CRAF (blue) binding to 14-3-3σ. EC50 value with CRAF: 
1.33 μM. No increased stabilization over DMSO control (grey) observed for ERα (red), USP8 (orange), 
SOS1 (green), or FOXO1 (pink). C) 916851 stabilization of CRAF (blue) binding to 14-3-3σ. EC50 value 
with CRAF: 3.18 μM. No increased stabilization over DMSO control (grey) observed for ERα (red), USP8 
(orange), SOS1 (green), or FOXO1 (pink). D) 916856 stabilization of CRAF (blue) binding to 14-3-3σ. EC50 
value: 13.5 μM. Not sufficient compound for FADR with other peptides.  
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Figure S2.15: FA protein titrations with selective compounds 6 and 8 
Fluorescence anisotropy protein titrations for FOXO1 and CRAF selective stabilizers 918039 and 916856 
(compounds 6 and 8 in main text, respectively. A) Addition of 1 mM 918039 (compound 6; blue curve) 
resulted in 426-fold decrease in 14-3-3σ/CRAF KD (100 nM vs. 42 μM) compared to DMSO control (grey 
curve). B) Addition of 1 mM 916856 (compound 8; blue curve) resulted in 110-fold decrease in 14-3-
3σ/CRAF KD (207 nM vs. 23 μM) compared to DMSO control (grey).  
 

 

 



 41 

 

Figure S2.16: Crystal structures of CRAF stabilizers 
A) Electron density of compound 5 (red sticks) complexed with C- RAF (blue sticks) in 14-3-3 (white surface). 
B) Electron density of compound 7 (light blue sticks) complexed with CRAF (blue sticks) in 14-3-3 (white 
surface). C) Crystallographic overlay of compound 5 (red sticks) and compound 7 (light blue sticks) with 
CRAF (color peptide matching the compound complexed with) in 14-3-3 (white surface). D) Electron density 
of compound 8 (violet sticks) with CRAF (blue sticks) in 14-3-3 (white surface). E) Crystallographic overlay 
of compound 7 (light blue sticks) and compound 8 (violet sticks) with CRAF (color peptide matching the 
compound. F) Crystallographic overlay of all crystallized stabilizers with CRAF with compound 1 (yellow 
sticks), compound 5 (red sticks), compound 7 (light blue sticks) and compound 8 (violet sticks) with CRAF 
represented as cartoon (color matching the compound complexed with) in 14-3-3 (white surface). 2Fo-Fc 
electron density maps are contoured at 1σ.  
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Figure S2.17: Overview of the screens performed 
A) The screening funnel starting with the primary screen at the left depicted as a Venn diagram with the 
number of stabilizers discovered for each peptide and at the right the validation approach taken after the 
primary screen with the number of validated compounds per peptide per assay. B) Conserved scaffold 
needed for stabilization of each peptide discovered from the primary screen.  
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Figure S2.18: Overview of the number of inhibitors and neutral binders discovered 
A) Number of discovered inhibitors for each peptide depicted as (left) bar plots and (right) as a Venn 
diagram. B) Number of discovered neutral binders for each peptide depicted as (left) bar plots and (right) 
as a Venn diagram.  
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Supplementary Tables 

 
Table S2.1: Tethering and stabilization of 14-3-3σ/CRAF primary screen hit compounds 
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Table S2.2: Tethering and stabilization of 14-3-3σ/FOXO1 primary screen hit compounds 
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Table S2.3: Tethering and stabilization of 14-3-3σ/ERα primary screen hit compounds 
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Table S2.4: Tethering and stabilization of 14-3-3σ/USP8 primary screen hit compounds 
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Table S2.5: Tethering and stabilization of 14-3-3σ/SOS1 primary screen hit compounds 
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Materials and Methods 

Protein Expression and Purification  

The 14-3-3 σ isoform with a truncated C-terminus after T231 (ΔC; to enhance 

crystallization) and an N-terminal His6 tag was expressed in RosettaTM 2(DE3)pLysS competent 

E. coli (Novagen) from a pPROEX HTb expression vector. After transformation following 

manufacturer’s instructions, single colonies were picked to inoculate 30 mL precultures (LB), 

which were added to 1.5 L terrific broth (TB) medium after overnight growth at 37 °C, 250 rpm. 

Expression was induced upon reaching OD600 1.9−2.1 by adding 400 μM IPTG. After overnight 

expression at 30°C, 150 rpm, cells were harvested by centrifugation at 6,500 rpm, resuspended 

in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 1 mM 

TCEP), and lysed by sonication. The His6-tagged protein was first purified by Ni-affinity 

chromatography (Ni-NTA Agarose, Invitrogen) (Wash buffer 50 mM HEPES pH 7.5, 500 mM NaCl, 

20 mM imidazole, 1 mM TCEP; Elution buffer 50 mM HEPES pH 7.5, 500 mM NaCl, 500 mM 

imidazole, 1 mM TCEP) followed by His-tag cleavage by TEV protease during dialysis (50 mM 

HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP) overnight at 4 °C. The flowthrough of a second Ni-

affinity column was collected and analyzed for purity by SDS-PAGE and Q-Tof LC/MS. The 

protein was buffer exchanged (Storage buffer 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP) 

and concentrated to ~13 mg/mL and aliquots flash-frozen for storage at −80°C. 14-3-3σΔC used 

for crystallography was concentrated to ~70 mg/mL and aliquots were flash-frozen for storage at 

-80 °C.  

Peptide Sequences  

Peptides for disulfide trapping were ordered from ScenicBio (Houston, Texas) as 

lyophilized solids. Sequences were as follows: ERα-pp (Ac-KYYITGEAEGF-PA{pT}V-COOH); 
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SOS1-pp (Ac-PRRRPE{pS}APAESS-CONH2); USP8-pp (Ac- KLKRSY{pS}SPDITQ-CONH2); 

CRAF-pp (Ac-RQRST{pS}TPNVH-CONH2); FOXO1-pp (Ac-RPRSC{pT}WPLPR-CONH2.  

2 mM peptide stocks were suspended in water. Fluorescein-labeled peptides were 

ordered from ScenicBio and Elim Biopharmaceuticals, Inc. (Hayward, CA) as lyophilized solids. 

Sequences were as written above with N-terminal 5-FAM-label for ERα-pp, SOS1-pp, USP8-pp, 

and FOXO1-pp. CRAF-pp sequence was as follows: (5-FAM- 

QHRYSTPHAFTFNTSSPSSEGSLSQRQRST{pS}TPNVH-CONH2). 20 μM stocks were 

suspended in water. Peptides for crystallography were ordered from Genscript Biotech Corp. 

Sequences were as follows: ERα-pp (Ac-AEGFPA{pT}V-COOH); USP8-pp (Ac-

KLKRSY{pS}SPDITQ-CONH2); CRAF-pp (QRST{pS}TPNVHH-CONH2); FOXO1-pp (Ac- 

RPR{pS}C{pT}WPLPR-CONH2). 5 mM stocks were suspended in Complexation Buffer (25 mM 

HEPES pH 7.5, 2 mM MgCl2 and 2 mM βME).  

Disulfide Tethering Screen and Data Processing  

The primary disulfide tethering screen was performed by incubating target 14-3-3σ 

protein/phospho-peptide complex with small molecule in a 384-well plate format. The UCSF Small 

Molecule Discovery Center (SMDC) custom 1600 disulfide-containing fragment library was 

available as 50 mM stock solutions in DMSO. The screen was performed using 100 nM 14-3-3σ 

ΔC protein diluted in buffer (10 mM Tris, 250 μM β-mercaptoethanol (βME), pH 8.0) and plated in 

384-well plates (25 μL/well). 100 nL of each fragment was pinned from library master plates using 

non-sterile disposable 384 polypropylene pin tools (V & P Scientific) to give a final concentration 

of 200 μM. The peptide screens additionally contained a concentration of peptide equivalent to 

twice the KD as established by fluorescence anisotropy and competition experiments: (2 μM ERα-

pp, 10 μM SOS1-pp, 10 μM USP8-pp, 18 μM CRAF-pp, and 750 nM FOXO1-pp). The reactions 

were incubated at room temperature for 3 hours before being measured by LC/MS (I-class Acquity 
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UPLC/ Xevo G2-XS Quadrupole Time of Flight mass spectrometer, Waters). Data collection and 

automated processing followed a custom workflow, as previously described. Compound 

resynthesis was done following the published procedures.  

Dose Response LC/MS Experiments  

The initial mass spectrometry dose response follow-up experiments were performed under 

the same conditions as the primary screen with the exception that the compounds were titrated 

from 50 mM to 23 μM in a 3-fold dilution series in DMSO. Then 1 μL of the compound was 

transferred into 24 μL of protein-peptide solution for final concentrations of 2 mM – 914 nM and 

4% DMSO. A final well of DMSO without compound was used as a control at the end of every 

dilution series. Compounds which displayed dose dependent activity in the presence of phospho-

peptide were taken forward into more extensive dose responses in order to determine DR50 values. 

Fragments were titrated from 50 mM to 0.129 nM in a 3-fold dilution series in DMSO. Then 1 μL 

of the compound was transferred into 24 μL of protein-peptide solution for final concentrations of 

2 mM – 5.16 pM and 4% DMSO. A final well of DMSO without compound was used as a control 

at the end of every dilution series. Initial validation was done in single replicate. Hits were taken 

forward to fluorescence anisotropy experiments. DR50 curves were graphed and calculated using 

log(agonist) vs. response – Variable slope (four parameters) from GraphPad Prism version 9.0 

for Mac, GraphPad Software, San Diego, California USA, www.graphpad.com.  

Dose Response Fluorescence Anisotropy Experiments  

The fluorescence anisotropy compound dose responses were performed using 100 nM 

fluorescein-labeled peptides (with the exception of FOXO1-pp which was 10 nM) and 14-3-3σ 

protein diluted in buffer (10 mM HEPES pH 8.0, 150 mM NaCl, 0.01% TWEEN-20). 14-3-3σ 

protein concentration was equivalent to approximately half of the KD determined by fluorescence 
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anisotropy and competition experiments (CRAF: 1 μM 14-3-3σ; ERα: 250 nM 14-3-3σ; FOXO1: 

25 nM 14-3-3σ; USP8: 2.5 μM 14-3-3σ). Fragments were titrated from 50 mM to 11.9 nM in a 2-

fold dilution series in DMSO. 1 μL of compound was transferred in triplicates into 24 μL of protein-

peptide solution for final concentrations of 2 mM – 0.477 nM and 4% DMSO. A final well of DMSO 

without compound was used as a control at the end of the dilution series. A row of 5-FAM-labeled 

peptide alone was used as a lower limit and a row of 5-FAM-labeled peptide with 14-3-3 excess 

of the KD was used as an upper limit when calculating the EC50 of the fragments. EC50 

measurements were graphed and calculated using log(agonist) vs. response – Variable slope 

(four parameters) from GraphPad Prism version 9.0 for Mac, GraphPad Software, San Diego, 

California USA, www.graphpad.com. 14-3-3σ protein titrations were performed using 2-fold 

dilution of 14-3-3σ in buffer from starting concentration of 250 μM to 59.6 pM for CRAF and USP8 

and 25 μM starting concentration to 5.96 pM for FOXO1 and ERα. Final well contained only 5-

FAM-labeled peptide and compound as a control. 5-FAM-peptides were used at 100 nM except 

FOXO1 which was at 10 nM. Fragments were added at a single concentration of 1 mM in order 

to maximize 14-3-3σ engagement. Apparent KD values of 14-3-3σ/phospho- peptide in presence 

of compounds were compared to KD values of DMSO control. Fold stabilization (ΔKD) was 

determined as the quotient of the apparent KD of the DMSO control over the apparent KD with 

compound. EC50 and apparent KD measurements were graphed and calculated using log(agonist) 

vs. response – Variable slope (four parameters) from GraphPad Prism version 9.0 for Mac, 

GraphPad Software, San Diego, California USA, www.graphpad.com.  

X-ray Crystallography  

The 14-3-3σΔC protein, acetylated ERα, CRAF and FOXO1 peptides and fragments 

(stock solution of 50mM in DMSO) were dissolved in complexation buffer (25 mM HEPES pH 7.5, 

2 mM MgCl2 and 2 mM βME) and mixed in a 1:2:2 molar stoichiometry (protein:peptide:fragment) 
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at a final protein concentration of 12 mg/mL. The complex was set up for sitting-drop crystallization 

after overnight incubation at 4 °C, in a custom crystallization liquor (0.095 M HEPES (pH 7.1, 7.3, 

7.5, 7.7), 0.19 M CaCl2, 24-29 % PEG 400 and 5% (v/v) glycerol). Crystals grew within 10 – 14 

days at 4 °C. Crystals were fished and flash-cooled in liquid nitrogen. X-ray diffraction (XRD) data 

were either collected at the Deutsche Elektronen-Synchrotron (DESY) PETRA III beamline P11, 

Hamburg, Germany (all datasets except for 14-3-3σ/CRAFpS259/Compound 1) or at the 

Diamond Light Source (DLS) beamline Io3, Oxfordshire, United Kingdom (14-3-

3σ/CRAFpS259/Compound 1).  

Automatic processing was done by DESY or DLS using XDS9 for data indexing and 

integration Initial processed data was then scaled using AIMLESS and Molrep was used for 

limited molecular replacement using PDB ID’s 4JC3 and 3IQU as template. Presence of co-

crystallized ligands was verified by visual inspection of the Fo-Fc and 2Fo-Fc electron density 

maps in Coot. If electron density corresponding to the co-crystallized ligand was present, its 

structure and restrains were generated using eLBOW before final model rebuilding and 

refinement was done using phenix.refine and Coot. See Table S6 and S7 for data collection and 

refinement statistics. The structures were submitted to the PDB with IDs 8AFN, 8AV0, 8ADM, 

8A62, 8A65, 8A68, 8A6H, 8A6F.  
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Abstract 

We report the development of a 384-well formatted NanoBRET assay to characterize molecular 

glues of 14-3-3/client interactions in living cells. The seven isoforms of 14-3-3 are dimeric hub 

proteins with diverse roles including transcription factor regulation and signal transduction. 14-3-3 

interacts with hundreds of client proteins to regulate their function and is therefore an ideal 

therapeutic target when client selectivity can be achieved. We have developed the NanoBRET 

system for three 14-3-3σ client proteins CRAF, TAZ, and estrogen receptor α (ERα), which 

represent three specific binding modes. We have measured stabilization of 14-3-3σ/client 

complexes by molecular glues with EC50 values between 100 nM and 1 μM in cells, which align 

with the EC50 values calculated by fluorescence anisotropy in vitro. Developing this NanoBRET 

system for the hub protein 14-3-3σ allows for a streamlined approach, bypassing multiple 

optimization steps in the assay development process for other 14-3-3σ clients. The NanoBRET 

system allows for an assessment of PPI stabilization in a more physiologically relevant, cell-based 

environment using full-length proteins. The method is applicable to diverse protein-protein 

interactions (PPIs) and offers a robust platform to explore libraries of compounds for both PPI 

stabilizers and inhibitors. 
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Introduction 

Protein-Protein Interactions 

Protein-protein interactions (PPIs) are crucial for various cellular processes and 

modulation of these interactions, by inhibition or stabilization, results in profound effects on 

cellular function.1–4 Molecular glues are small molecules that stabilize the interaction between two 

proteins by binding cooperatively to the PPI interface.5–7 Recent work on PPI stabilization has 

focused on developing molecular glues and bifunctional small molecules, called PROTACs, that 

link a ubiquitin ligase to a protein of interest to induce the protein’s degradation.8,9 Generally, 

PROTACs and molecular-glue degraders induce neomorphic interactions to degrade target 

proteins selectively.6,7,9 However, an intriguing and relatively underexplored approach lies in 

harnessing the potential of molecular glues as non-degradative stabilizers of PPIs.5,10 This novel 

perspective offers a promising approach to precisely modulate and stabilize PPIs for therapeutic 

interventions and for a deeper understanding of cellular processes.  

Systematic technologies geared towards the identification of native PPI stabilizers11–13 

tend to be target-directed, compared to cell-based technologies for molecular glue degraders.14–

16 For instance, we have established biochemical fragment-based assays for the identification, 

validation, and optimization of PPI stabilizers. Our workflow employs a mass spectrometry (MS)-

based site-directed disulfide tethering approach that has identified highly cooperative stabilizers 

for multiple 14-3-3/client complexes.11,12,17 During chemical optimization, PPI stabilizers are 

evaluated using MS- and fluorescence anisotropy (FA)-based assays. These technologies 

measure stabilization of 14-3-3 and a peptide derived from the client protein, facilitating screening 

and x-ray crystallography.11,12,18 With effective PPI stabilizers in hand, we sought a systematic 

approach to measure stabilization of full-length protein complexes. Ideally, such an approach 

would be suitable to lysate and cellular contexts. Here we describe the validation of NanoBRET 

assays to evaluate PPI stabilizers for the hub protein 14-3-3 bound to diverse protein partners. 
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The Hub Protein 14-3-3 

14-3-3 modulates the function of hundreds of disease-relevant ‘client’ proteins through 

binding to linear sequences containing phosphorylated serine and threonine residues. Within the 

14-3-3 family there are seven isoforms, each encoded by different genes.19,20 Notably, these 

isoforms exhibit pronounced sequence similarity within the phospho-binding groove, underscoring 

a shared mechanism of interaction with phosphorylated regions of client proteins.21,22 Peptides 

derived from the client proteins interact with the 14-3-3 binding groove via distinct 

conformations,20,22,23 including: (1) turning out of the groove after a 

phosphoserine/phosphothreonine (pS/pT) residue, typically guided by a proline in the +2 position, 

(2) binding straight through the phospho-binding groove, and (3) using a truncated sequence with 

a pS/pT at the penultimate residue of the protein. The three clients we describe here represent 

these three binding modes, with CRAF representing mode 1, TAZ reflecting mode 2, and Estrogen 

Receptor α (ERα) binding as mode 3 (Figure 3.1A; Figure S3.2).24–26 Figure 3.1B illustrates the 

14-3-3σ/client pocket we aim to target and example molecular glues. 

14-3-3 plays important biological roles in the regulation of CRAF, TAZ, and ERα. 14-3-3 

is involved in both the inhibition and activation of CRAF, with CRAF pS259 acting as a regulatory 

switch that is only phosphorylated in the inhibited state. In the activation of CRAF, pS259 releases 

from 14-3-3 and can be dephosphorylated.27–32 Stabilizing the 14-3-3σ/CRAF pS259 interaction 

with molecular glues could therefore represent a novel method of inhibiting the MAPK pathway in 

various cancers (Figure 3.1C).32 The interaction between 14-3-3 and TAZ is a regulatory 

mechanism in the Hippo pathway. Phosphorylation of TAZ at S89 promotes association with 

14-3-3, preventing TAZ translocation into the nucleus and activation as a transcription factor.25,33 

Stabilizing the 14-3-3σ/TAZ pS89 interaction with molecular glues would inhibit the oncogenic 

role of TAZ in driving cell proliferation and survival (Figure 3.1D). 14-3-3 binds to ERα at the 

penultimate residue pT594. Binding to 14-3-3 inhibits ERα by preventing its dimerization and DNA 
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binding. This interaction is crucial in the context of ER-positive breast cancer, where stabilizing 

the 14-3-3σ/ERα pT594 interaction may offer a potential therapeutic strategy to disrupt estrogen-

driven tumorigenesis (Figure 3.1E).26 Not only do these clients represent different binding modes, 

but also different subcellular locations and functions. 

Distinct classes of molecular-glue stabilizers of 14-3-3/client complexes have been 

discovered. Fusicoccane natural products and semisynthetic analogs,20,26,34–36 non-covalent 

synthetic compounds,37,38 and lysine-reactive fragments bind in the 14-3-3 phospho-binding 

groove and stabilize clients to all 14-3-3 isoforms.39,40 We have also identified disulfide fragments 

that bind to a cysteine residue at the periphery of the binding groove of the sigma isoform only 

and stabilize diverse 14-3-3s/client complexes.11,12 Structure-guided optimization towards 14-3-

3/ERα stabilizers yielded cysteine-reactive molecules with EC50 values in the low μM range in 

biochemical assays and the ability to stabilize the complex by 120-fold, eg, appKD = 2 μM to 18 

nM (Figure S3.1).18 We and our colleagues have also developed 14-3-3s-specific stabilizers for 

CRAF and TAZ phosphopeptides. These three chemical series require cell-based validation of 

their ability to act as molecular glues for 14-3-3s and full-length proteins. 

NanoBRET Assay 

NanoLuciferase bioluminescence resonance energy transfer (NanoBRET) assays are 

widely adopted methods for measuring PPI and protein/small-molecule interactions in live 

cells.30,41–44 This innovative approach utilizes fusion proteins to quantify energy transfer, a process 

contingent upon the proximity between the tagged proteins of interest. NanoBRET assays have 

been effectively harnessed to measure PPI inhibition in cells and to measure formation of ubiquitin 

ligase/target complexes for PROTACs, showcasing their utility in probing the effects of modulating 

PPIs.41,45,46 However, to our knowledge, NanoBRET systems have not been used to measure PPI 

stabilization in the presence of molecular glues. We selected NanoBRET over related 

technologies such as cell-based fluorescence resonance energy transfer (FRET) or NanoLuc 
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Binary Technology (NanoBiT) due to its improved sensitivity and geometric flexibility, 

respectively.42,45,47,48 

Here we report a 384-well plate-based cellular NanoBRET method for the evaluation of 

14-3-3σ/client molecular glues. The optimized assay allows for a statistically robust (Z’ = 0.7-0.95) 

increase in the BRET signal of 14-3-3σ/client interactions in the presence of small-molecule 

stabilizers. This 14-3-3σ/client stabilization NanoBRET methodology can be universally applied 

to characterize stabilizers for other PPIs, employing a similarly efficient and systematic approach. 

 

Materials & Methods 

Construct design and cloning 

14-3-3σ and client proteins CRAF, TAZ, and ERα were cloned into the Promega 

NanoBRET vectors (Promega N1811) using Gibson Assembly (NEB E2611) with a GSSG linker 

between the protein and the tag. 17 residues were deleted from the C-terminus of 14-3-3σ to 

reduce dynamics of C-terminal tags; therefore, all 14-3-3σ constructs contain residues 1-231. 

NES-TAZ and NES-ERα constructs contain an engineered nuclear export signal (NES) on the N-

terminus with a GSSG linker before the NanoLuc tag. 

Compounds  

CRAF-01-05 were synthesized in house and will be disclosed in due course. TAZ-01-03 

were identified in a high-throughput screening campaign; the structures have not been disclosed 

(Ambagon Therapeutics). ERα-01 and ERα-02 were published as compounds 85 and 181, 

respectively.18 Fusicoccin-A was purchased from Enzo Life Sciences (BML-EI334-0001) and 

XMU-MP-1 was purchased from MedChemExpress (HY-100526). 
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Cell lines 

HEK293T cells were purchased from ATCC (CRL-3216) and used as recommended. To 

avoid signal inhibition by endogenous, unlabeled proteins, we selected HEK293T cells because 

they express minimal to no 14-3-3σ, TAZ, and ERα. HEK293T cells also have an inactive MAPK 

pathway, suggesting that transfected CRAF would be phosphorylated at S259. 

NanoBRET 

NanoBRET assays were performed as described by Promega. Four constructs (two for 

ERα) were generated for each client protein to test in combination with four constructs of 14-3-3σ. 

Combination tests were performed at a 1:10 ratio of NanoLuc:HaloTag; ratios of 1:1, 1:10, 1:100, 

and 1:1000 were then tested with selected combinations. Plasmids were transfected using 

jetOPTIMUS transfection reagent following the manufacturer's protocol and cells were plated in 

white, flat bottom TC-treated 384-well microplates (Corning 3570) after transfection in Gibco 

FluoroBrite DMEM with 4% fetal bovine serum (FBS; Sigma-Aldrich). ERα experiments were 

conducted with 4% charcoal dextran stripped FBS (Corning 35-072-CF). Each experiment was 

performed in triplicate and included no-acceptor controls and samples with the HaloTag 

NanoBRET 618 Ligand. Plates were read on an EnVision XCite 2105 plate reader at 618 nm 

(HaloTag) and 460nm (NanoLuc) (Filters: M647 CWL=647nm BW=75nm; M460 CWL=460nm 

BW=80nm Mirror: LUM/D585). 

Fluorescence Anisotropy Measurements 

 ERα FA measurements were performed as previously described.18 For CRAF and TAZ, 

peptides were purchased from Elim Biopharmaceuticals, Inc (CRAF: QRSTpSTPNVH; TAZ: 

RSHpSSPASLQ).  

 For CRAF, fluorescein-labeled peptides (5-FAM), full-length 14-3-3σ protein, the 

compounds (50 mM stock solution in DMSO) were diluted in buffer (10 mM HEPES, pH 7.5, 150 
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mM NaCl, 0.1% Tween20, 1 mg/mL Bovine Serum Albumin (BSA; Sigma-Aldrich). Final DMSO 

in the assay was always 1%. Dilution series of 14-3-3 proteins or compounds were made in black, 

flat-bottom 384-microwell plates (Greiner Bio-one 784900) in a final sample volume of 10 µL in 

triplicate. For compound titrations the initial 50 mM compound stock solutions in DMSO were 

diluted to 20mM in a 384-well master plate, followed by a serial 2-fold dilution. Then, 500 nL of 

the dilution series were transferred in the assay plates. A master mix containing 10 nM 

fluorescein-labeled peptide and 5 μM full-length 14-3-3σ (concentration at EC20 value of the 

protein-peptide complex) in buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween20, 1 

mg/mL BSA) was dispensed on the assay plates. The final volume per well was 10μL, with final 

top concentration of compounds dose response series at 1mM. Each compound was measured 

in triplicate, in two independent experiments. Fluorescence anisotropy measurements were 

performed directly and after overnight incubation at room temperature. Protein titrations were 

made by titrating 14-3-3σ in a 2-fold dilution series (starting at 250 µM) to a mix of fluorescein-

labeled peptide (10 nM) and DMSO or compound (100 µM). Fluorescence anisotropy 

measurements were performed after overnight incubation at room temperature. Fluorescence 

anisotropy values were measured using a Molecular Devices ID5 plate reader (filter set λex: 485 

± 20 nm, λem: 535 ± 25 nm; integration time: 50 ms; settle time: 0 ms; shake 5sec, medium, read 

height 3.00 mm, G factor = 1. Data reported are at endpoint. EC50 and apparent KD values were 

obtained from fitting the data with a four-parameter logistic model (4PL) in GraphPad Prism. Data 

was obtained and averaged based on two independent experiments.  

 TAZ FA experiments were done as described for CRAF with the following exceptions: final 

sample volume was 25 µL using 384-well plates (Corning 3575), final peptide concentration was 

100 nM 5-FAM-TAZ, and final full-length 14-3-3σ protein concentration was 300 nM in the 

compound titration. Measurements were taken at 1 hour and 24 hours for compound titration and 

protein titration, respectively. 
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Procedure 

We have developed a NanoBRET assay to test small molecule molecular glues of 

14-3-3σ/client PPIs (Figure 3.2A). To test new PPIs, eight NanoLuc/HaloTag-fused protein 

constructs were cloned, and all eight combinations were tested. After selecting the desired 

combination, four ratios of NanoLuc:HaloTag plasmid were used to determine the optimal 

transfection ratio before testing compounds to measure their effects on PPI stabilization (Figure 

3.2B). 

Construct design 

14-3-3σ and client proteins were cloned into NanoLuc and HaloTag vectors with N- or C-

terminal tags. The constructs were named based on the placement of the tag, with “HaloTag-

14-3-3σ” denoting N-terminal placement of the tag, and “14-3-3σ-HaloTag” denoting C-terminal 

placement. Because the C-terminus of ERα is crucial for binding to 14-3-3, ERα was only cloned 

with N-terminal tags. A nuclear export signal (NES; LPPLERLTL) was inserted at the N-terminus 

of TAZ and ERα for the “NES-client” constructs.49 The DNA binding domain (185-250) was 

truncated out of ERα to make the “ΔDBD-ERα” construct. 

Assay Setup 

Generally, we followed the manufacturer’s protocol.41,50 In short, plasmids were 

transfected in HEK293T cells in bulk for 48 hours. Ratios of NanoLuc:HaloTag plasmids were 

transfected by keeping the amount of HaloTag plasmid constant and decreasing the amount of 

NanoLuc plasmid. For example, a 1:10 transfection ratio could include 1 μg of HaloTag plasmid 

plus 0.1 μg of NanoLuc plasmid. The decrease in the amount of NanoLuc plasmid transfected is 

reflected in the amount of protein expressed as measured by western blot (Figure S3.3A). Cells 

were trypsinized and counted before adjusting the cell density to 250,000 cells/mL and adding 

HaloTag ligand (1 μL ligand/1 mL of media). A no-HaloTag-ligand control was also made wherein 

DMSO was added instead of ligand at the same % v/v (1 μL/1 mL). 30 μL of the cell/HaloTag 
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ligand or DMSO mixture was added to each well in a 384-well assay plate. Compound (or DMSO) 

was diluted in media to 4x the final concentration. Then, 10 μL of this 4x compound stock was 

added to corresponding wells. All samples had the same final percent DMSO of less than 0.5%. 

After 24 hours, NanoLuc substrate was added, and assay plates were read to measure 

luminescence in the NanoLuc and HaloTag channels (Figure 3.2C). 

An alternative approach can be used to measure NanoBRET in lysate using the detergent 

digitonin. This approach can be used if the compounds are not cell permeable or are cytotoxic at 

the desired concentration range. Digitonin permeabilizes the outer membrane to release cytosolic 

proteins into the media (Figure S3.3B). As exemplified for CRAF, we added digitonin at 200 μg/mL 

after seeding cells and before dosing with compound. 

Data Analysis 

The following formulas were used to calculate the raw milliBRET units (mBU), mean 

corrected mBU, and fold change. Data was then analyzed and visualized in GraphPad Prism to 

obtain EC50 values by fitting the data with a 4PL model. 
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Results  

CRAF/14-3-3σ NanoBRET 

To measure cysteine-targeting stabilizers of the 14-3-3σ/CRAF pS259 interaction, eight 

constructs were cloned for 14-3-3σ/CRAF: HaloTag-14-3-3σ, 14-3-3σ-HaloTag, NanoLuc-

14-3-3σ, 14-3-3σ-NanoLuc, HaloTag-CRAF, CRAF-HaloTag, NanoLuc-CRAF, and CRAF-

NanoLuc. With these constructs, eight combinations were tested at a 1:10 NanoLuc:HaloTag 

transfection ratio (Figure 3.3A). Combinations where the NanoLuc was fused to 14-3-3σ and the 

HaloTag fused to CRAF resulted in low BRET signal. Two combinations, NanoLuc-

CRAF/14-3-3σ-HaloTag and CRAF-NanoLuc/14-3-3σ-HaloTag (Z’ = 0.91 and 0.92, respectively), 

were selected for ratio testing. CRAF-NanoLuc/14-3-3σ-HaloTag gave higher signal and was 

chosen to move forward with. In these ratio tests, 1:10 and 1:100 CRAF-NanoLuc:14-3-3σ-

HaloTag gave the highest signals (Z’ = 0.90, Z’ = 0.95, respectively; Figure 3.3B). Ratios of 1:1 

and 1:1,000 were excluded due to low signal and high background, respectively.  

When using NanoBRET to identify molecular glues, careful selection of a combination and 

ratio is essential to ensure that the protein complex is not completely formed, such that it maintains 

sensitivity to stabilization by small molecules. Thus, we evaluated both 1:10 and 1:100 in the 

presence of stabilizers. 1:10 resulted in higher fold-stabilization with molecular glues than 1:100 

(Figure S3.4A); thus, we proceeded with this condition.  

We tested three compounds, initially identified as molecular glues through MS and FA 

assays, along with one negative control, in the CRAF/14-3-3σ NanoBRET system. The negative 

control was structurally related to the stabilizers but inactive in the FA assay. The molecular glues 

exhibited up to 1.6-fold increase in NanoBRET signal, and EC50 values in the sub-μM to low-μΜ 

range (Figure 3.3C). The fold increase in signal and the Z’ values were similar between the 

NanoBRET and FA assays, suggesting similar sensitivity. These compounds were dependent on 
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the presence of C38 in 14-3-3σ, as mutation of this residue rendered the compounds ineffective 

in stabilizing the interaction (Figure S3.4B).  

In comparing the EC50 values obtained from FA and NanoBRET, it is noteworthy that FA 

was performed in vitro with a fully phosphorylated CRAF pS259 peptide with the 14-3-3σ 

concentration kept at its EC20, while NanoBRET was performed in cells with the full-length CRAF 

that may not have been fully phosphorylated. Moreover, the degree of phosphorylation of CRAF 

may increase over the time of compound incubation, since increased 14-3-3 binding protects 

clients from dephosphorylation. These factors make it difficult to quantitatively compare EC50 

values from the biochemical and cell-based binding assays. Nevertheless, the trends in EC50 

values track between NanoBRET and FA, with the negative control CRAF-01 exhibiting a non-

stabilizing effect. In contrast, CRAF-02 emerged as the most potent stabilizer with an EC50 value 

of 0.18 μM and the highest maximum signal. CRAF-03 had a similar EC50 value of 0.20 μM, but 

a lower maximum signal. CRAF-04 demonstrated a comparatively diminished stabilizing capacity 

with an EC50 value of 1.1 μM, making it the weakest of the three molecular glues (Table 1). The 

difference in signal maximum was reproducible and consistent with the FA data (Figure S3.1A-

E). The calculated EC50 values from the NanoBRET assay for CRAF-02 and CRAF-03 were lower 

than those calculated from FA assays (Table 1), but the rank order was maintained. 

Using the procedure described above, we introduced the detergent digitonin into the assay 

to permeabilize the cell membrane, releasing the NanoBRET pair into the media. In the cellular 

NanoBRET assay, CRAF stabilizers were tested up to 10 μΜ based on their cytotoxicity in 

HEK293T (data not shown). To compare the lysate and cell-based assays, we measured CRAF-

05 activity in the CRAF/14-3-3σ NanoBRET with four doses, from 1 – 250 μM in lysate and 1 – 

10 μM in cells. The results in both assays were similar, with CRAF-05 showing significant 

stabilization even at 1 μM. The lower signal ratio at the maximum concentrations (1.3- vs 1.5-fold) 
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led us to use the cell-based assay going forward (Figure S3.4C). Thus, PPI stabilization can be 

measured either in cells or in lysates using the same transfection ratio and assay formats. 

TAZ/14-3-3σ NanoBRET 

The following four constructs were cloned to test both donor and acceptor tags on the N- 

or C-terminus of TAZ: HaloTag-TAZ, TAZ-HaloTag, NanoLuc-TAZ, and TAZ-NanoLuc. To aid in 

developing the 14-3-3σ/TAZ NanoBRET system, we used an MST1/2 inhibitor, XMU-MP-1 

(“XMU”), at 60 μM to prevent phosphorylation of TAZ, which in turn inhibited the 14-3-3σ/TAZ 

interaction (Figure 3.1D). After testing all eight NanoBRET combinations of 14-3-3σ and TAZ, we 

chose to move forward with NanoLuc-TAZ/14-3-3σ-HaloTag because it produced the largest 

BRET signal (24 mBU) with the most significant difference between untreated and XMU treated 

samples (fold change = 1.4, Z’ = 0.84; Figure 3.4A). NanoLuc:HaloTag ratios were then evaluated, 

and 1:10 gave the largest fold-change between untreated and XMU treated samples (fold-change 

= 1.4, Z’ = 0.90; Figure 3.4B). 

14-3-3σ controls trafficking of TAZ between the cytoplasm and the nucleus, so we 

evaluated whether manipulating NanoLuc-TAZ subcellular localization would alter the BRET 

signal. We engineered a nuclear export signal (NES) into the N-terminus of the TAZ construct 

before the NanoLuc tag. With this NES-NanoLuc-TAZ (NES-TAZ) construct, the basal NanoBRET 

signal increased 3.1-fold (Figure 3.4C). While the raw mBU signal varied between biological 

replicates, perhaps due to transfection efficiency, the BRET signal was consistently larger with 

the NES construct. 

We compared the 14-3-3σ/TAZ complex formation with C38-reactive molecular glues, 

TAZ-02 and TAZ-03, along with an inactive compound, TAZ-01 (Figure S3.5). The NES-TAZ 

construct led to increased mBU values but decreased the fold-change compared to NanoLuc-

TAZ itself. For instance, TAZ-02 increased the BRET signal by 4.2-fold and 2.2-fold with NanoLuc-

TAZ and NES-TAZ, respectively (Figure 3.4C). Nevertheless, the compound dose-responses 
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yielded similar EC50 values with both TAZ constructs. The negative control TAZ-01 had no effect 

on the BRET signal, while TAZ-02 had an EC50 of 810 nM; TAZ-03 did not reach a plateau, with 

an estimated EC50 of 120 nM (Figure 3.4D). In FA assays, TAZ-02 and TAZ-03 performed similarly 

to each other with EC50 values of 1.2 μM and 1.6 μM, respectively (Figure S3.1F-I; Table 3.1). 

Thus, the TAZ/14-3-3σ NanoBRET assays confirmed the stabilizing effects of these molecular 

glues. 

ERα/14-3-3σ NanoBRET 

ERα binds 14-3-3σ at its penultimate residue, pT594. Therefore, only N-terminal tag 

constructs were developed for ERα to avoid interference with 14-3-3σ binding. ERα combination 

and ratio tests were performed in the presence of a natural product stabilizer, Fusicoccin-A (FC-

A) at 30 μΜ. Similar to CRAF and TAZ, little to no signal was measured for the combinations in 

which 14-3-3σ was tagged with NanoLuc. The NanoLuc-ERα plus 14-3-3σ-HaloTag combination 

gave the largest signal and fold stabilization for the positive control FC-A (Z’ = 0.79, Figure 3.5A). 

In the ratio test, 1:10 was the only combination where there was a measurable difference between 

DMSO and FC-A (Z’ = 0.96, Figure 3.5B). Therefore, this ratio was selected to advance to the 

subsequent testing phase for new 14-3-3σ specific, cysteine-reactive molecular glues (Figure 

S3.6A). The most potent molecular glue, ERα-02, resulted in 2.5-fold stabilization with an EC50 of 

2.4 μM (Figure 3.5C). In FA dose-responses, ERα-02 had a similar EC50 value of 1.0 μM when 

tested with the ERα peptide (Figure S3.1J,K).18 The inactive compound, ERα-01, had no effect in 

NanoBRET or FA dose response assays (Figure 3.5C, Table 3.1). FC-A resulted in low fold 

stabilization (Figure 3.5A,B) likely because binding of the NanoBRET pair was diluted by binding 

to other 14-3-3 isoforms and clients. Because HEK293T cells did not contain endogenous 14-3-

3σ, the sigma-specific stabilizer, ERα-02, was highly effective at binding to the transfected 

14-3-3σ.  



 76 

Since ERα is also a transcription factor, a significant fraction could be localized in the 

nucleus, resulting in a low NanoBRET signal. We therefore engineered two cytoplasmic 

constructs containing an NES at the N-terminus (“NES-ERα”) or removing the DNA-binding 

domain (aa 185-250; "ΔDBD-ERα”). While both methods increased the BRET signal, from 5-10 

to 10-15 mBU, the stabilizer dose response effects were diminished (Figure 3.5D). Although these 

methods of increasing the NanoBRET signal did not improve the 14-3-3σ/ERα NanoBRET assay 

for ERα-02, they are useful techniques to apply when troubleshooting low NanoBRET signal for 

other PPI NanoBRET systems, as seen with TAZ. 

A benefit of developing the ERα/14-3-3σ NanoBRET assay in HEK293T cells was the low 

endogenous expression of both proteins. We extended these experiments to an ER-positive 

breast cancer cell line, MCF7, where both ERα and 14-3-3σ were expressed, and MDA-MB-231, 

an ER-negative breast cancer cell line, where only 14-3-3σ was endogenously expressed. 

Comparing the ERα/14-3-3σ NanoBRET assay in these three cell lines, HEK293T cells had the 

largest signal window with minimal background (Figure S3.6B-D). Thus, using a cell line that does 

not endogenously express the proteins of interest ensured that the tagged proteins were not 

outcompeted by endogenous proteins. 

 

Discussion 

14-3-3σ NanoBRET Summary and Workflow 

In developing analogous NanoBRET assays for three 14-3-3σ/client complexes, we 

learned that the HaloTag acceptor was always preferred on 14-3-3σ and that varying the 

subcellular localization of the client protein sometimes improved the BRET signal, depending on 

the biology of the complex (Table 2). Traditional NanoBRET assay development conventionally 

involves a four-step workflow: (1) generating eight constructs of 14-3-3σ and the client tagged 
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with NanoLuc or HaloTag, (2) testing eight combinations, (3) evaluating four ratios of the best 

combination, and (4) subsequently testing molecular glues (Figure 3.2B). Leveraging the insights 

gained from our results across 14-3-3σ/client systems, we propose a streamlined workflow that 

condenses the NanoBRET assay design for 14-3-3σ/client interactions into three efficient steps: 

(1) constructing two client constructs (or one depending on client binding restrictions, e.g. ERα), 

(2) test two combinations, and (3) evaluate molecular glues (Figure 3.6). This simplified workflow 

promises expedited discovery of 14-3-3σ/client molecular-glue stabilizers, offering a potentially 

impactful resource for diverse therapeutic applications. 

Assay Throughput 

NanoBRET assays to discover and characterize molecular glues can be set up in a low-, 

medium-, or high-throughput format depending on materials and instruments employed. 

Generally, we have run approximately 200-2,000 samples at a time. Because optimizing the 

transfection ratio is necessary to detect PPI stabilizers, the NanoBRET assay requires a transient 

transfection. This manual step reduces throughput and precision; in particular, raw mBU values 

can vary between experiments. Nevertheless, with automation for cell seeding and compound 

dosing, the NanoBRET assay for PPI stabilizers can be performed in a high-throughput manner. 

 

Conclusions 

We describe the development of a NanoBRET assay designed to characterize molecular-

glue stabilizers of 14-3-3σ/client PPIs. Building from the published NanoBRET protocol,50 we have 

identified multiple factors that required careful evaluation. Specific to PPI stabilizers, it is critical 

to select a combination of protein constructs and transfection ratio that leads to a measurable but 

incomplete formation of the PPI, such that the assay can detect an increase in BRET signal. 

Additional general considerations include optimizing the cell permeability and colocalization of the 

protein partners. For example, digitonin releases cytoplasmic proteins into the media, allowing for 
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higher compound concentrations and effectively transforming the assay into a lysate assay. 

Furthermore, adding a nuclear export signal increased mBU values for the transcription factor/14-

3-3σ complexes, suggesting that localization motifs should be considered if the BRET signal is 

low. Lastly, choice of cell line should account for the endogenous expression levels of the proteins 

of interest. With these considerations, our NanoBRET results closely mirror the sensitivity of FA 

and the NanoBRET EC50 values were consistent with the FA EC50 values measured for diverse 

molecular glues. Thus, NanoBRET is a valuable tool to characterize stabilizers targeting 

14-3-3σ/client interactions. Notably, the distinct advantage of NanoBRET is the physiological 

relevance of the assay, as it is performed in a cellular environment with full-length proteins. 

This comprehensive method can be efficiently adapted and streamlined for the exploration 

of other 14-3-3σ client proteins. Moreover, the systematic approach can be readily applied to 

other hub protein systems and to discover novel molecular glues. As research in this domain 

progresses, the integration of NanoBRET assays for PPI stabilization could significantly broaden 

the repertoire of techniques available for studying PPIs and their implications in cellular processes. 
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Figures 

 

 
Figure 3.1: 14-3-3σ/client binding and regulatory mechanisms 
A) Crystal structure overlay of 14-3-3σ (grey) bound to CRAF (purple), ERα (pink), and TAZ (blue) peptides 
illustrating the three different binding modes. pS/T residues are shown to illustrate the overlap in this 
position of the peptide. PDBs: CRAF 4IHL, ERα 4JDD, TAZ 3MHR. B) Visualization of the molecular glue 
binding pocket within the 14-3-3σ phospho-binding groove. Both the fragment stabilizer (dark green) and 
Fusicoccin-A (light green) bind in the 14-3-3σ phospho-binding groove proximal to the ERα peptide (pink). 
14-3-3σ C38 is highlighted in yellow. PDB 8AFN with Fusicoccin-A overlaid from PDB 4JDD. C) Proposed 
14-3-3/CRAF mechanism. 14-3-3 binding to CRAF pS259 (red) maintains the inhibited state of CRAF. 
14-3-3σ/CRAF pS259 molecular glues would prevent the opening and subsequent activation of CRAF. D) 
14-3-3 regulation of TAZ in the Hippo signaling pathway. MST1/2 activity leads to the phosphorylation of 
TAZ at pS89 (red). In the nucleus, TAZ binds TEAD transcription factors and activates transcription. 
14-3-3σ/TAZ pS89 molecular glues would localize TAZ in the cytoplasm, impeding its role as a transcription 
factor. E) 14-3-3 regulation of ERα. 14-3-3 binds ERα at pT594 (red) to prevent ERα dimerization and 
binding to DNA. 14-3-3σ/ERα pT594 molecular glues would prevent ERα dissociation and activation. 
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Figure 3.2: NanoBRET assay overview 
A) Schematic representation of the 14-3-3/client NanoBRET assay, where one protein is tagged with 
NanoLuc (NL) and the other with HaloTag (HT). Addition of molecular glues is expected to increase the 
BRET signal. B) Steps to set up a NanoBRET assay for a new PPI. C) Procedure to set up NanoBRET 
assay.  
 
 
 
 

 
Figure 3.3: NanoBRET results for CRAF/14-3-3σ 
A) Combination test (n = 3). 14-3-3σ with a C-terminal HaloTag and CRAF with an N- or C-terminal NanoLuc 
tag resulted in the highest signal. B) CRAF-NanoLuc/14-3-3σ-HaloTag ratio test (n = 3). C) CRAF-
NanoLuc/14-3-3σ-HaloTag NanoBRET data with 4 compounds, three stabilizers (CRAF-02-04) and one 
negative control (CRAF-01) (n = 3). Data shown in C are representative of 5 biological replicates. 
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Figure 3.4: NanoBRET results for TAZ/14-3-3σ 
A) Combination test comparing untreated and XMU (60 μM) treated samples (n = 3). NanoLuc-
TAZ/14-3-3σ-HaloTag gave the highest signal and largest fold change with XMU. B) NanoLuc-
TAZ/14-3-3σ-HaloTag ratio test (n = 3). C) Comparison of TAZ and NES-TAZ constructs with one inactive 
compound (TAZ-01) and one stabilizer (TAZ-02) (n = 3). A subset of tested compound concentrations is 
shown. D) NES-TAZ/14-3-3σ NanoBRET results with two TAZ/14-3-3σ stabilizers (TAZ-02 and TAZ-03) 
and TAZ-01 with all data points in the dilution series shown (n = 3). Data shown in C and D are 
representative of 3 biological replicates. 
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Figure 3.5: NanoBRET results for ERα/14-3-3σ 
A) Combination test comparing untreated and FC-A (30 μΜ) treated samples (n = 3). NanoLuc-
ERα/14-3-3σ-HaloTag gave the only significant difference with DMSO vs FC-A treatment. B) NanoLuc-
ERα/14-3-3σ-HaloTag ratio test (n = 3). C) ERα/14-3-3σ NanoBRET results with one molecular-glue 
stabilizer (ERα-02) and one inactive compound (ERα-01) (n = 3). D) Comparison of different ERα constructs 
with ERα-01 and ERα-02 (n = 3). Data shown in C and D are representative of 3 biological replicates. 
 
 
 

 
Figure 3.6: Simplified NanoBRET workflow for identification of 14-3-3σ/client molecular glues 
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Tables 

Table 3.1: EC50 values for 14-3-3σ/client NanoBRET and FA 
NanoBRET Complex Compound NanoBRET EC50 (μM) FA EC50 (μM) 
CRAF-NanoLuc/14-3-3σ-HaloTag CRAF-01 >10 >150 

CRAF-02 0.18 1.0 

CRAF-03 0.20 1.2 

CRAF-04 1.1 1.2 

NES-NanoLuc-TAZ/14-3-3σ-
HaloTag 

TAZ-01 >20 >150 

TAZ-02 0.81 1.2 

TAZ-03 0.12 (est.) 1.6 

NanoLuc-ERα/14-3-3σ-HaloTag ERα-01 >20 >150 

ERα-02 2.4 1.0 

 
 

Table 3.2: Tag placement for 14-3-3σ/CRAF, TAZ, and ERα NanoBRET assays 
14-3-3σ client NanoLuc HaloTag 

CRAF CRAF (C-terminus) 14-3-3σ (C-terminus) 

TAZ TAZ (N-terminus) 14-3-3σ (C-terminus) 

ERα ERα (Ν-terminus) 14-3-3σ (C-terminus) 
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Supplementary Figures 

 

Figure S3.1: CRAF, TAZ, and ERα compound and protein titrations 
CRAF pS259, TAZ pS89, and ERα pT594 peptide FA compound and protein titrations. A) CRAF-01-04 
compound titrations. B) CRAF-01 protein titration. C) CRAF-02 protein titration. D) CRAF-03 protein titration. 
E) CRAF-04 protein titration. F) TAZ-01-03 compound titrations. G) TAZ-01 protein titration. H) TAZ-02 
protein titration. I) TAZ-03 protein titration. J) ERα-01 and ERα-02 compound titrations. K) ERα-02 protein 
titration. All experiments n = 3. 
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Figure S3.2: 14-3-3/client peptide affinities 
A) CRAF pS259 peptide FA KD assay (n = 3). B) TAZ pS89 peptide FA KD assay (n = 3). 
 
 
 

 

Figure S3.3: Protein expression and effects of detergent 
A) NanoLuc:HaloTag plasmid transfection ratios reflected in protein expression in HEK293T cells. B) 
Western blot for 14-3-3 without and with digitonin treatment (n=3). Cytosolic proteins are released into the 
media when treated when cells are treated with digitonin. 
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Figure S3.4: CRAF/14-3-3σ NanoBRET optimization 
A) CRAF/14-3-3σ 1:10 and 1:100 ratio comparison (n = 3). 1:10 resulted in a larger fold increase. B) 14-3-
3σ WT vs 14-3-3σ C38N NanoBRET. Stabilizers were dependent on the presence of C38 (n = 3). C) 
Comparison of lysate and in cell NanoBRET assays (n = 3). Both showed stabilization with CRAF-05. 
 

 

Figure S3.5: TAZ NanoBRET with 14-3-3σ C38N 
Compounds bind to C38 (n=3). 
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Figure S3.6: ERα/14-3-3σ NanoBRET optimization 
A) ERα NanoBRET with 14-3-3σ C38N (n = 3). Compounds are dependent on C38. B) ERα/14-3-3σ 
NanoBRET cell line comparison with FC-A (30 μM) and ERα-02 (10 μM) treatment (n = 3). HEK293T 
showed a measurable stabilization with ERα-02. C) Raw HaloTag luminescence intensity in HEK293T, 
MCF7, and MDA-MB-231 (n = 3). D) Raw NanoLuc luminescence intensity in HEK293T, MCF7, and MDA-
MB-231 (n = 3). 
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Abstract 

The hub protein 14-3-3 interacts with hundreds of client proteins and has diverse roles including 

transcription factor regulation and signal transduction. The kinase CRAF is regulated in two ways 

by 14-3-3: (1) interaction of 14-3-3 with phospho-Ser259 (pS259) CRAF inhibits CRAF by 

restraining the kinase and cysteine rich domains and (2) interaction of 14-3-3 with pS621 CRAF 

activates CRAF by promoting formation of the active dimer. We aim to stabilize the 14-3-3/CRAF 

pS259 interaction with small molecules to inhibit CRAF kinase activity and therefore inhibit MAPK 

pathway signaling. We have performed a mass spectrometry-based site-directed disulfide 

tethering screen to identify stabilizers of the 14-3-3/CRAF pS259 interaction. The screen identified 

five stabilizers of the 14-3-3/CRAF pS259 interaction which were selective for CRAF pS259 over 

four other 14-3-3/client interactions and showed no stabilization of the activating pS621 CRAF/14-

3-3 interaction. Top 14-3-3/CRAF pS259 stabilizers identified in the disulfide tethering screen 

were non-selective for CRAF over other 14-3-3 clients. These fragments were computationally 

merged with another 14-3-3/client stabilizer to gain selectivity and potency for CRAF. This 

designed scaffold was modified based on binding and stabilization through mass spectrometry, 

fluorescence anisotropy, and X-ray crystallography. Optimized stabilizers have EC50 values of 

0.3 – 5 μM and stabilize the complex over 200-fold by fluorescence anisotropy. These stabilizers 

show up to 1.6-fold stabilization of the 14-3-3/CRAF interaction in cells through a NanoBRET 

assay. The stabilizers also inhibit CRAF kinase activity by reducing NRAS/CRAF interaction and 

CRAF/CRAF dimerization up to 75% and 50%, respectively, indicating that they act as molecular 

glues of the 14-3-3/CRAF inhibited complex. 14-3-3/CRAF inhibitors also lead to up to 60% 

reduction in phospho-ERK, indicating inhibition of the MAPK pathway. This work has revealed 

how we can use small molecule-mediated modulation of PPIs as a novel method to inhibit the 

MAPK pathway and will be used to study the MAPK pathway in various disease states.  
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Introduction 

The MAPK signaling pathway controls multiple cellular processes, including cell 

proliferation, differentiation, and survival.1 Signaling is initiated with the binding of epidermal 

growth factor (EGF) to epidermal growth factor receptor (EGFR), which generates binding sites 

for adaptor proteins, like GRB2, to recruit the GEF SOS to the plasma membrane. SOS interacts 

with RAS, a small GTPase, which acts as a molecular switch and cycles between the inactive 

GDP-bound state to the active GTP state. GTP-RAS activates the first kinase of the pathway, 

RAF, via a complex, multistep process.2–4 Upon translocation to the membrane, Ras activates the 

serine/threonine kinase function of RAF, which then phosphorylates and thus activates MEK, 

which ultimately phosphorylates ERK (Figure 4.1A). Once activated, ERK phosphorylates 

cytoplasmic and nuclear substrates, which are involved in numerous cellular functions.5  

The simplified, linear representation of the pathway does not take into account the 

underlying dynamics and regulation of protein-protein interactions (PPIs) in the pathway. 

Especially for RAF, its regulation and kinase activity are controlled on different levels by 

phosphorylation, conformation, dimerization, and binding to 14-3-3 proteins. The kinase activity 

of RAF is suppressed when RAF is kept in a closed conformation and in that state, 14-3-3 proteins 

play a central role.6,7 14-3-3 proteins are adaptor proteins that recognize phospho-serine or 

phospho-threonine (pS/pT) sites on client proteins.8,9 Two different hypotheses have been 

reported for the role of 14-3-3 in the regulation of RAF; 14-3-3, acting as a dimer, binds to two 

distinct sites in a single RAF molecule,10 or 14-3-3 dimerizes different RAF molecules by 

connecting their kinase domains.11,12 The three RAF isoforms (A-, B-, and CRAF) have highly 

conserved amino acid sequences and consist of three main domains: the conserved region 1 

(CR1) domain on the N-terminus containing the RAS binding domain (RBD) and the cysteine-rich 

domain (CRD), CR2 which includes phosphorylation sites, and the C-terminus with the kinase 

catalytic domain (CAD). The 14-3-3 binding sites are located in the conserved regions on either 
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side of the kinase catalytic domain. The two 14-3-3 binding sites have opposite functions on the 

regulation of the pathway: regulatory roles for those located on CR2 (ARAF pS214, BRAF pS365, 

CRAF pS259), and structural roles for those located on the CR3 domain (ARAF p582, BRAF 

pS729, CRAF pS621) (Figure 4.1B). 

In addition to a plethora of crystallographic studies, cryo-EM structures have recently 

begun to elucidate the underlying dynamics and provide structural insights, especially for PPI 

complexes involving BRAF, 14-3-3, and MEK.13–15 Although only one cryo-EM structure of a 14-

3-3/CRAF complex has been reported, CRAF activation is hypothesized to proceed in a similar 

manner as BRAF.16,17 This hypothesis is supported by a recent single-molecule FRET (smFRET) 

study, which focused on the dynamics of CRAF and 14-3-3 binding in live cells.18 Mutations at the 

14-3-3 recognition sites, including CRAF phosphorylation sites pS259 and pS621, and the CRD 

region significantly affected the FRET distribution, indicating the importance of the 14-3-3/CRAF 

interaction in the regulation of RAF. In analogy to BRAF, the model for CRAF activation includes 

the transition from a monomeric, closed or autoinhibited state to the dimeric, open, active 

conformation. In the proposed model (Figure 4.1C), CRAF is maintained in the autoinhibited 

monomer state via interactions of the pS259 and pS621 with the 14-3-3 dimer. The pS259 

regulatory phosphorylation site (corresponding to the BRAF pS365 site) and the pS621 structural 

phosphorylation site (corresponding to the BRAF pS729 site) are bound on the amphipathic grove 

of the 14-3-3 dimer. Upon pathway activation, CRAF is recruited to the plasma membrane and 

interacts with RAS via the RBD domain. This is followed by the release of the CRD domain from 

the autoinhibited complex and its interaction with RAS and the membrane. This exposes the 

CRAF pS259 site to dephosphorylation by the SHOC2-PP1 complex.19,20 Dephosphorylation of 

the regulatory pS259 site allows the formation of an open monomer, which leads to the formation 

of the active dimer via the dimerization of RAF catalytic domains. This dimer can form either as a 

homodimer or a heterodimer, with each RAF structural phosphorylation site bound to a single 14-
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3-3 monomer. In the BRAF cryo-EM structures, the active dimer is reported as a BRAF 

homodimer, however, CRAF preferentially forms heterodimers with BRAF, which increases the 

likelihood of heterodimerization between monomeric BRAF and monomeric CRAF bound to 

MEK.12,21,22 CRAF and ARAF heterodimers have also been reported in KRAS-driven cancers.23  

Aberrant activation due to mutations on the components of the MAPK pathway commonly 

occurs in different types of human cancers, thus the pathway is one of the most studied pathways 

in oncology. RAS mutations occur in 30% of human cancers.24 BRAF is the most commonly 

mutated RAF isoform, with missense mutations occurring in 7-10% of human cancers.25 CRAF 

gene fusions that promote RAS-independent CRAF dimerization are less common, but can occur 

in low-grade pediatric gliomas and pancreatic cancer.26 ARAF S214C and CRAF P261A 

mutations were identified in lung adenocarcinoma and non-small cell lung cancer, 

respectively.27,28,29 Upregulated ERK signaling, due to germline and somatic gain-of-function 

mutations in the proteins of the MAPK pathway, is also associated  with a family of developmental 

disorders, commonly referred to as RASopathies.30   

Due to the frequency of BRAF oncogenic mutations, the development of BRAF inhibitors 

has been the focus of extensive drug discovery campaigns.31,32 A significant challenge, especially 

for first generation BRAF inhibitors has been the phenomenon of “paradoxical activation”. 

Although BRAF inhibitors seemed to suppress RAF activity and ERK signaling in cells expressing 

BRAF V600E, in cells expressing wild-type BRAF, most inhibitors caused an undesired increase 

in RAF activity and ERK signaling.33,34 An early report in 2005 showed that BRAF can activate 

CRAF through a mechanism involving 14-3-3 mediated heterooligomerization and CRAF 

transphosphorylation.11 The BRAF/CRAF heterodimers were reported as part of the physiological 

activation process and their presence was enhanced by 14-3-3.12 Recently, it was shown that 

CRAF dimerization with ARAF is involved in KRAS driven tumor growth and the RAF dimerization 
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process is one of the mechanisms linked to RAF inhibitor resistance in cancer therapy.23,33,35 

Currently, the common belief is that the BRAF/CRAF heterodimer is the primary species involved 

both in native signaling and paradoxical activation. Consequently, direct CRAF inhibitors are also 

expected to be impacted by paradoxical activation.36 Interestingly, an AMPK inhibitor (AMPKi) 

was able to block the paradoxical activation in Ras-mutated cancer cells by blocking the 

phosphorylation of CRAF S621.37  

Here, taking into account that CRAF is considered the key isoform involved in the RAF 

inhibitor-induced paradoxical activation and as an alternative approach to direct RAF inhibition, 

we are focusing on disrupting the transition of the autoinhibited CRAF monomer to the active 

dimer by stabilizing the autoinhibited monomer 14-3-3/CRAF pS259 complex using molecular 

glues. The feasibility of this approach is supported by the fact that a complex natural product, 

Cotylenin-A (CN-A), is a known stabilizer of the 14-3-3/CRAF interaction.38 CN-A binds 

exclusively near the CRAF pS259 regulatory site, which contains a threonine in the +1 position 

(Figure 4.1D), but not near the structural pS621 site, which has a +1 glutamic acid. In RAS mutant 

cancer models, CN-A was inactive as single agent, however, co-treatment with an anti-EGFR 

antibody synergistically suppressed tumor growth.38  

In our recent work, we successfully developed covalent, irreversible 14-3-3σ/ERα 

stabilizers starting from hits identified in a MS-based site-directed disulfide tethering screening.39 

The 14-3-3σ/ERα stabilizers, although tested for potential CRAF pS259 stabilization, lacked 

specific interactions with the +1 Thr of CRAF pS259, and thus lacked molecular recognition and 

were mostly inactive for the 14-3-3σ/CRAF pS259 complex. Here, we used a computational 

fragment-merging approach and combined the previously identified chloroacetamide piperidine 

moiety (analog 1074202) with fragments bearing a sulfonyl group (TC-521), which were originally 

developed as lysine-targeting 14-3-3/p65 stabilizers (Figure 4.1E,F).40 The sulfonyl-containing 
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fragments showed two different conformations in the crystal structures, in close proximity to the 

phosphorylated residue. By merging the two fragment moieties, our aim was to maintain the 

covalent bond with the native cysteine of 14-3-3σ and at the same time use the sulfonyl group as 

a flexible handle for potential polar interactions with the CRAF pS259 peptide. The most potent 

14-3-3σ/CRAF molecular glues resulted in increased levels of the regulatory phosphorylation, 

CRAF pS259, and stabilization of the PPI in cells. These stabilizers also decreased CRAF 

activation and signaling through the MAPK pathway as measured by a decrease in phospho-ERK 

(pERK). 

  

Results and Discussion 

Chemical Optimization 

The chemical modifications on the designed scaffold were divided into five groups (Figure 

4.1F). Modifications (I) and (II), in close proximity to CRAF, included the investigation of 

appropriate linkage of the two merged fragments and substitutions on the aryl ring. Modification 

(III) focused on the replacement of the generic, promiscuous piperidine ring with spirocycles with 

varying ring sizes and orientations. Modification (IV) involved the replacement of the 

chloroacetamide warhead with halogenated analogs. The last modification was the combination 

of the most potent elements of (II) and (III) and aimed at the exploration of synergistic effects.  

In analogy to our previous work, two orthogonal assays were used for screening (Figure 

S4.1D). Briefly, the MS assay was used to monitor the formation of the irreversible covalent bond 

with the native cysteine (C38) in the periphery of the binding groove on 14-3-3σ. Dose responses 

as compound titrations were performed in the absence and presence of the CRAF pS259 

phospho-peptide (pp), to distinguish between neutral binders and stabilizers. Full-length BRAF 
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cryo-EM structures allowed for the direct comparison with crystal structures of 14-3-3/RAF peptide 

complexes (Figure S4.1A-C). The high degree of conformational overlap between the sequence 

derived from the full-length client protein and the phospho-peptides justifies the use of the peptide 

in screening and follow-up assays. The experiment was performed as a time-course, with 

measurements every 8 hours, after an 1h incubation. All the compounds were also screened 

against the 14-3-3σ/ERα protein-peptide interaction to rule out undesired stabilization. None of 

the compounds showed any effect on ERα (data not shown). Additionally, the compounds were 

tested in an FA assay in the presence of FAM-labeled CRAF pS259 peptide. For stabilizers, a 

significant increase in anisotropy was observed in the overnight measurement. The full dose-

response data for all compounds are available in the supporting information. The dose-response 

data from both assays were also visually compared in the form of bar graphs. For the MS data, 

the bar graphs represented the % bound at 1 μΜ compound concentration and 100 nM 14-3-3σ 

(10:1 ratio) in the absence or presence of peptide. For FA experiments, the EC50 values from the 

overnight measurement were calculated and plotted as bar graphs showing the positive log EC50 

value (pEC50). Compounds acting as stabilizers were expected to show an increase in both types 

of bar graphs.  

For the development of the designed scaffold, the first key modification (I) focused on the 

appropriate linkage of the two merged fragments (Figure 4.2). Chemically, the two fragments 

could be merged with the reaction of an appropriately modified piperidine with various sulfonyl 

chlorides. The sulfonyl chloride moiety could be either attached via a methylene group to the aryl 

ring and or directly attached to the aryl ring without the methylene. In the first case, the compounds 

would be more similar to compound 1074202 regarding their size, whereas in the second case 

the compounds would be smaller and more similar to the TC521 fragment. Seven compounds 

were synthesized to test both linkages with small modifications on the aryl ring (no substitution, -F 

or -Cl substitution). In both the MS and FA assays, compounds with the methylene linker were 
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inactive (6-9) (Figure 4.2A,B). Interestingly, compounds without the methylene, showed 

stabilization of the 14-3-3σ/CRAF pS259 interaction. Compound 10 (no substitution on the aryl 

ring) was a very weak stabilizer, but compounds with halogen substituents showed significant 

improvement. In the MS assay, analogs 11 (p-F) and 12 (p-Cl) showed binding in the presence 

of the CRAF pS259 peptide and very low binding in the apo screening (no peptide) (Table S4.1, 

Figure S4.2, S4.3). In the FA assay, in compound titrations the EC50 values were 17 ± 3 μM for 

11 and 3 ± 1 μM for 12 (Figure S4.4, Table S4.2). The two compounds were further validated as 

14-3-3σ/CRAF pS259 stabilizers in FA protein titrations at 100 μΜ compound concentration. 14-

3-3σ was titrated into 10 nM FAM-labeled CRAF pS259 peptide in the presence of DMSO or 

saturating concentration of the compounds. Compounds 11 and 12 showed appKD of 400 nM (4-

fold stabilization) and 190 nM (22-fold stabilization), respectively (Figure S4.5, Table S4.2). Two 

more analogs bearing the p-Cl substitution were synthesized. Compound 13 had a longer 3C-

linker of the chloroacetamide warhead. Remarkably, this modification made the compound 

inactive. Compound 14 had a pyridine ring, instead of a benzyl ring. This modification also 

reduced the potency. For further SAR development, the 1C-linker was kept constant, and 

modifications focused on aryl ring substitutions.  

Aryl ring modifications (II) focused on substitutions in o-, m- and p-positions either with 

electron-withdrawing or electron-donating groups (Figure 4.2A,B, Figure S4.2, S4.3, S4.4, Table 

S4.1, S4.2). The aryl substituents, being in close proximity to CRAF, were expected to be involved 

in the formation of specific interactions and, as a result, have a direct effect on binding and 

cooperativity. Regarding SAR, moving the -F substituent from the p- position to o- (15) or m- (16) 

reduced the potency. Larger and strongly electron withdrawing groups, like the -CF3 group were 

not tolerated in the m-position (17), indicating potential steric hindrance. In the p-position the -CF3 

analog (18) showed moderate stabilization (FA EC50 = 17 ± 1 μΜ, appKD = 280 nM, 15-fold 

stabilization, Figure S4.4, S4.5). The slightly larger -OCF3 analog (19) seemed more potent in the 
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MS assay than the FA assay (FA EC50 = 13 ± 3 μΜ, appKD = 213 nM, 14-fold stabilization), 

however both compounds were weaker in the FA assay, compared to the p-Cl analog (12). 

Introducing a p-cyano group (20) significantly reduced the activity (FA EC50 > 150 μΜ).  One more 

analog with an electron-withdrawing group was synthesized, bearing a p-formyl substituent (21), 

thus containing two covalent warheads that could simultaneously interact with C38 and K122 of 

14-3-3σ. This analog was weak in the MS assay and lacked selectivity with the CRAF pS259 and 

ERα peptides (Figure S4.2, S4.3, Table S4.1, S4.2, ERα data not shown). In the FA assays, 

although the EC50 with CRAF pS259 appeared to be low (5 ± 1.0 μM, Figure S4.4), the protein 

titration assay resulted in an appKD of 480 nM and the compound showed only 9-fold stabilization 

(Figure S4.5). The above observations support the hypothesis that the increased apo binding due 

to the double warheads decreased the cooperativity.  

A crystal structure was solved for analog 12 (p-Cl) in complex with 14-3-3σ and CRAF 

pS259 and showed that the compound was bound in an unusual, upward conformation at the 14-

3-3σ/CRAF pS259 peptide interface (Figure 4.2C). The chloroacetamide moiety of 12 bound 

covalently to C38 of 14-3-3σ, and two hydrogen bonds were formed between the carbonyl group 

and R41, and one between the -NH of the amide and the backbone carbonyl of C38, at 2.7 Å, 3.0 

Å, and 3.3 Å respectively. Importantly, the sulfonyl group of 12 interacted with K122 of 14-3-3σ 

via a charged-assisted hydrogen bond and with T260 (+1 position) of CRAF via a hydrogen bond 

(3.2 Å and 3.4 Å, respectively). The p-Cl group of 12 is positioned in a small pocket at the top of 

the 14-3-3σ binding groove, in which p-Cl forms halogen bonds with D215 (4.1 Å and 3.8 Å), L218 

(3.8 Å), and I219 (3.9 Å) of 14-3-3σ. Furthermore, a halogen bond between p-Cl and V263 of 

CRAF (3.8 Å) increased the stabilization of the complex. Besides the interactions of 12, N42 of 

14-3-3σ directly interacts with the backbone of CRAF by two hydrogen bonds (both 3.0 Å) (Figure 

4.2D). The overlay of the binary 14-3-3/CRAF crystal structure with the ternary complex with 

analog 12 reveals a significant conformational change in helix 9 of 14-3-3σ, in a downward 
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position closer to the compound. This movement of helix 9 clamps the stabilizer inside the 14-3-

3σ binding groove and causes conformational changes of D215, L218, and I219 that provide the 

formation of halogen bonds with 12 (Figure 4.2E). Crystallization of analog 21 in complex with 14-

3-3σ/CRAF revealed the formation of two covalent bonds via the chloroacetamide and p-formyl 

of 21 with C38 and K122 of 14-3-3σ, respectively (Figure 4.2F). However, no interactions were 

observed with CRAF T260. Therefore, the conformation of the stabilizer flipped in the 14-3-3σ 

binding pocket, which abolished the interactions that were observed with 12. In addition, helix 9 

of 14-3-3σ did not move upon binding of analog 21 (Figure 4.2G).  

For further SAR development, two bigger halogens were introduced, p-Br (22) and p-I (23) 

to further investigate the effect of potential halogen bonds. In the MS assay, both analogs showed 

significantly faster kinetics than the p-Cl analog (12) and in the time courses 100% bound was 

reached in the first hour measurement in moderate micromolar compound concentrations. The 

time course graphs didn’t show large shifts over time, indicating that the compounds were able to 

rapidly adopt a favorable and stable conformation (Figure S4.2, S4.3, Table S4.1). The p-I analog 

(23) showed almost no binding to the apo protein, thus acting as a potent molecular glue for the 

14-3-3σ/CRAF pS259 complex. For the p-Br analog (22), less than 25% binding was observed in 

the apo screening in the overnight measurement, indicating that this compound was also highly 

cooperative. In the FA assay, both compounds were very active with EC50 values in the low 

micromolar to nanomolar range (1 ± 0.5 μΜ for 22, 1 ± 0.5 μM for 23, Figure S4.4, Table S4.2). 

In protein titrations, the appKD of 14-3-3σ/CRAF pS259 complex was 8427 nM and decreased to 

47 nM in the presence of 22 and 30 nM in the presence of 23. Thus, compounds 22 and 23 

stabilized the 14-3-3σ/CRAF pS259 complex by 179- and 280-fold, respectively (Figure S4.5, 

Table S4.2). Crystal structures were solved for both compounds 22 and 23 (Figure 4.2H). 

Interestingly, the structure of analog 23 binding at the 14-3-3σ/CRAF interface revealed the 

presence of a water network that connects the pS259 and T260 of CRAF with K122 of 14-3-3σ, 
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the sulfonyl of 23, all the way along the backbone and N262 of CRAF towards N42 of 14-3-3σ 

(Figure 4.2H). This water network was not observed for the binary 14-3-3σ/CRAF structure, or in 

the presence of analogs 12 and 22, which might explain the high stabilization factor of 23. Notably, 

the distance between the sulfonyl group and the +1 T260 is longer for 23 (4.1 Å) compared to 12 

(3.4 Å), therefore the direct hydrogen bond in presence of analog 12 can be compensated with 

the water-mediated hydrogen bonds in presence of 23. Structural overlays of 14-3-3σ and CRAF 

showed conformational changes of residues N262, V263, and H264 of CRAF and N42 of 14-3-

3σ upon binding of 23 compared to 12 and 22. The movement of these residues could be assigned 

to the substitution of a larger halogen and/or the presence of the water network.  

Electron donating groups, including p-methyl (24) and p-methoxy (25) were also 

investigated, but were less tolerated than the p-Cl analog (12). The piperonal moiety (26), which 

could potentially form hydrogen bonds with the +1 Thr of the peptide was not tolerated, probably 

due to steric hindrance (Figure S4.2, S4.3, S4.4, S4.5, Table S4.1, S4.2).  

Taking into account the observed favorable interactions between the compounds and the 

CRAF residues in close proximity to them, we investigated additional potential interactions by 

synthesizing double and triple halogen-substituted aryl analogs (Figure 4.3, Figure S4.6, S4.7, 

S4.8). The two analogs containing a p-F substituent and an additional fluorine in o- (27) or m-

position (28) were both weak in the MS assay. In the FA assay, compound 27 with the additional 

o-fluoro-group was significantly weaker compared to 28 where the fluoro-group was in m-position 

(FA EC50 > 150 μΜ and EC50 = 88 ± 2 μΜ, respectively, Figure S4.8, Table S4.1). Notably, both 

compounds were less potent than compound 11 that had only the p-F substitution (FA EC50 = 17 

± 3 μΜ). Two more analogs were synthesized: 29 (m-F, p-Cl) and 30 (m-Cl, p-F). 29 was 

significantly more potent than 30 in both assays. Although low FA EC50 values were observed for 

both compounds (1 ± 0.5 μM for 29 and 12 ± 2 μM for 30), the shape of the curves and the 
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reached maximum differed significantly in the biophysical assays (Figure S4.7, S4.8). In protein 

titrations, 29 showed an appKD of 100 nM (84-fold stabilization), whereas 30 only 780 nM (4-fold 

stabilization) (Figure S4.5, Table S4.2). Additionally, analog 29 bearing the m-F group was more 

potent in protein titrations compared to 12, which was non-substituted (appKD of 100 nM for 29 

and 190 nM for 12, Figure S4.5, Table S4.2). 

A crystal structure was solved for 29/14-3-3σ/CRAF pS259 and elucidated the underlying 

cause for the differences (Figure 4.3C). The compound adopted an upward conformation, similar 

to compound 12 (p-Cl analog), and similar interactions were observed. In contrast to 12, additional 

water-mediated hydrogen bonds between the sulfonyl of 29, K122 of 14-3-3σ, and T260 and 

pS259 of CRAF connect all three components in the complex. However, this water network was 

smaller compared to the structure with analog 23 (Figure 4.2H). Importantly, the m-fluoro-

substituent was oriented towards 14-3-3σ and formed an additional halogen bond with I219 at 2.4 

Å. The binding mode of 29 supported the observations from the screening assays, which showed 

steric hindrance from the o-position and the tolerance of only the small, fluoro group in the m-

position. Consequently, in compound 30, where the larger chloro-substituent was in the m-

position, steric hindrance would occur. This observation translated in both screening assays, as 

lower maximum. Similar graphs were obtained for 31, with the bulky CF3-group in m-position and 

a Cl-group in p-position. On the other hand, a fluoro-substitution in m-position was well-tolerated 

for analogs 32 (p-CF3) and 33 (p-OMe). The electron withdrawing CF3-group in 32 was more 

potent than the electron-donating methoxy group in 33 (FA EC50= 4 ± 1 μΜ and appKD 140 nM 

for 32 and EC50= 9 ± 1 μΜ and appKD 230 nM for 33, Figure S4.5, S4.8, Table S4.2). A crystal 

structure was solved for 32/14-3-3σ/CRAF pS259 showing a similar conformation of analog 32 

compared to 29, including the halogen bond of m-F with I219. The p-CF3 group, although able to 

bind in a similar manner as the other p-halogen-containing analogs, was involved in weaker 

halogen bonds, which resulted in weaker stabilization compared to 29. Strikingly, replacing the 
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aryl ring with aliphatic rings containing F-substituents led to completely inactive compounds (34, 

35).  

Due to the consistent importance of halogen bonds in the stabilization of the 14-3-

3σ/CRAF interaction, an exhaustive fluorine scanning was performed for p-Br analogs (Figure 4.3, 

Figure S4.6, S4.7, S4.8). In agreement with previous observations, the o-F analog was weaker 

than the m-F (36 and 37, respectively). Analog 37 showed fast kinetics in the MS assay and was 

highly potent in the FA assay (EC50= 5 ± 1 μM, appKD 92 nM, 92-fold stabilization, Figure S4.5, 

Table S4.2). For the triple substituted analogs, the two ortho-analogs (2,3-difluoro 38, 2,5-difluoro 

39) were weaker in the MS assay and the observed maximum was lower in the FA assay. For the 

3,5-difluoro analog (40), the shape of the MS and FA graphs also indicated steric hindrance, 

correlating with the lower reached maximum. All of these observations were in good agreement 

with the appKD values in protein titrations (36: 240 nM, 37: 92 nM, 38: 218 nM, 39: 420 nM, 40: 

320 nM) (Figure S4.5, Table S4.2). A crystal structure of compound 37 was solved in complex 

with 14-3-3σ/CRAF pS259 (Figure 4.3D). Similar conformations and interactions were observed 

for 37 compared to analog 29. The larger halogen p-Br of 37 compared to p-Cl of 29 could form 

more optimal halogen bonds with D215, L218, and I219 of 14-3-3σ. An overlay of double halogen-

substituted aryl analogs, 29, 32, and 37, with the single halogen-substituted analog, 22, showed 

a similar orientation of the compounds. The m-F interacted with I219 and the backbone of D215 

of 14-3-3σ with halogen bonds. In addition, the presence of the m-F seemed to slightly affect the 

conformation of the linker and piperidine ring (Figure 4.3E). The compounds showed comparable 

appKD in protein titrations (Figure S4.5, Table S4.2), despite the observed differences in the 

halogen bonds.  

The next modification (III) focused on the piperidine position, while maintaining the m-F, 

p-Br aryl ring substitution (Figure 4.4, Figure S4.9, S4.10, S4.11, Table S4.1, S4.2). The 
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introduction of a methyl group on the piperidine ring on a short 0C-chloroacetamide warhead (43) 

made the compound almost inactive. The methyl group was tolerated on the 1C-warhead (46), 

but the compound was less active compared to 37 that lacked the methyl group (EC50 = 11 ± 1 

μΜ, appKD 170 nM for 46 and EC50 = 5 ± 1 μM, appKD 92 nM for 37) (Figure S4.12, Table S4.2). 

To further investigate this position, the piperidine ring was replaced with a series of bicyclic or 

spiro amines. Compound 49 was tolerated (FA EC50= 47 ± 4 μΜ) but was less active than the 

linear analog 37. Analog 52, with two additional fluoro-substituents on the same ring system was 

even weaker (FA EC50 =94 ± 9 μΜ) and displayed increased apo binding in the MS assay. The 

addition of an extra bond on the spiro-ring system (55) made this longer compound inactive. All 

the above point to the limited available space at the rim of the 14-3-3σ/CRAF pS259 interface. 

Different bicyclic ring systems were incorporated in compounds 58, 61 and 64, aiming to alter the 

orientation of the warhead. However, these compounds showed increased apo binding, which 

translated in the FA assay as weaker stabilization. Apo binding was reduced for the spirocycles 

bearing an oxygen atom in the rings (67, 70). The 6-membered ring in 70 was more potent in the 

FA assay compared to the 5-membered analog 67 (FA EC50 = 2 ± 1 μΜ, appKD 58 nM for 70, 

EC50 = 14 ± 1 μΜ, appKD 250 nM for 67). Replacement of the piperidine position with an aryl ring 

made the compound inactive (73). For the most active analog of this group, compound 70, a 

crystal structure was solved in complex with 14-3-3σ/CRAF pS259 (Figure 4.4C). Notably, the 

key interactions between the compound and 14-3-3σ/CRAF are maintained, including its halogen 

bonds with 14-3-3σ and V263 of CRAF and hydrogen bonds between the sulfonyl group, K122 of 

14-3-3σ, and T260 of CRAF. Compared to the piperidine analog 37, the water network that is 

present on the interface of 14-3-3σ/CRAF/70 is extended, resulting in more hydrogen bonds with 

the CRAF peptide, potentially stabilizing its conformation. Also, an additional hydrogen bond was 

formed between the oxygen of the spirocycle with N42.  Therefore, the water-mediated hydrogen 

bonding network is further elongated starting from CRAF pS259 along the backbone and CRAF 

N262, 14-3-3σ N42, towards the spiro ring of 70 (Figure 4.4D).  Furthermore, the orientation of 
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the compound was slightly tilted compared to the linear, piperidine analog 37, which was possibly 

necessary to form the additional hydrogen bond with 14-3-3σ N42 (Figure 4.4E).  

Regarding warhead modifications (IV), two variations of the chloroacetamide electrophile 

were tested on the weak analog 52. Introducing warheads with two chlorine atoms (74) or with a 

fluoro-acrylamide (75) made the compounds completely inactive in both assays. A plausible 

hypothesis is that the bigger warheads were unable to access the 14-3-3σ C38 due to steric 

hindrance.  

Warhead replacements were not pursued further. Instead, we focused on combining the 

most potent structural features of modifications (II) and (III). The last chemical modification (V) 

focused on combinations between different spirocycles and aryl rings bearing the p-Br or p-I 

groups or the double m-F,p-CF3 or m-F,p-Br substitutions (Figure 5, Figure S4.13, Table S4.1, 

S4.2). For analogs with the same oxygen spirocycle as 70, three aryl ring combinations were 

tested p-Br (78), p-I (79) and m-F,p-CF3 (80). The p-Br analog (78) showed slightly reduced apo 

binding and was highly potent in the FA assay (FA EC50 = 2 ± 1 μΜ, appKD 40 nM for 78, EC50 = 

2 ± 1 μΜ, appKD 58 nM for 70) (Figure S4.12, Table S4.1, S4.2). The iodine analog 79, although 

slightly less active in the MS assay (potentially due to worse solubility compared to the bromo-

analog), showed similar stabilization in the FA assay (FA EC50 = 2 ± 1 μΜ, appKD 35 nM for 79). 

The double substituted analog (80, m-F,p-CF3) appeared significantly weaker in both the MS and 

FA assays (FA EC50 = 9 ± 2 μΜ, appKD 420 nM for 80), due to the lack of the specific halogen 

bond originating from the para position in the previous analogs. The observed worse solubility in 

the MS assay for those analogs, led to the design of analog 83, which contains a similar spirocycle 

as 82, but lacks the oxygen. The potential loss of the hydrogen bond with N42 in this case did not 

seem to affect the MS assay or the FA compound titrations significantly (EC50 = 5 ± 2 μΜ for 83). 

However, analog 83 appeared slightly weaker in FA protein titrations compared to 70 (appKD 102 
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nM for 83, appKD 58 nM for 70). Lastly, a smaller bicyclic ring system was introduced (two 5-

membered rings, without oxygen) and led to a significant improvement in the case of 86. The -S 

analog reacted rapidly in the MS assay and in the FA assay and showed high stabilization (FA 

EC50 = 1 ± 1 μΜ, appKD 28 nM, 300-fold stabilization). The -R analog (89) was weaker in the MS 

assay with increased apo binding but was inactive in the FA compound and protein titrations 

(Figure S4.12, S4.13, Table S4.1, S4.2). Crystal structures were solved for analogs 78, 79, 80, 

83 and 86, supporting the observed SAR (Figure 4.5C-G). The binding mode of analog 78 at the 

14-3-3σ/CRAF interface showed similar interactions as for analog 70. The piperidine analog of 

78, compound 22, did not show any water-mediated hydrogen bonds, while 78 caused the 

presence of a large hydrogen bond network (Figure 4.5C). This water network is likely not induced 

by the oxygen in the spiro ring, as analog 83 and 86 without this oxygen showed a similar water 

network (Figure 4.5D). The overlay of analogs 70 and 83 reveals that the presence of the oxygen 

caused the slight shift of the spiro ring towards N42 of 14-3-3σ, resulting in increased stabilization 

(Figure 4.5E). Interestingly, analog 86 with two 5-membered rings, induced a similar shift of the 

stabilizer towards CRAF as 70, without the oxygen present in the spiro ring (Figure 4.5F,G). The 

5-membered rings of 86 have an increased ring strain compared to the 6-membered rings of the 

other analogs, thereby potentially decreasing the entropic penalty of binding.  

After establishing the SAR for the 14-3-3σ/CRAF pS259 molecular glues in the 

biochemical assays, we selected eleven analogs for further evaluation (Figure 4.6A); first we 

tested their selectivity over all the regulatory and structural sites of ARAF, BRAF and CRAF, and 

then we tested their activity in cell assays. Compound 8, which lacked activity in the CRAF pS259 

assays, was used as a negative control.  

The compounds were tested in an MS assay for potential selectivity over the other 

regulatory sites, using the acetylated ARAF pS214 and BRAF pS365 phospho-peptides at 2xKD 
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(Figure 4.6B, Figure S4.14, S4.15, Table S4.3). Regarding, the sequences surrounding the 

regulatory phosphorylation sites, the ARAF pS214 site has the same sequence as the CRAF 

pS259 site (+1 to +5 amino acids: TPNVH). The BRAF pS365 site varies only in the +1 residue, 

which is an alanine instead of a threonine (APNVH). Despite the same +1 to +5 sequences for 

ARAF pS214 and CRAF pS259, different selectivity profiles were observed in the MS assay. 

Overall, analogs containing the promiscuous piperidine moiety (22, 23, 29, 32, 37) showed 

increased binding in the presence of the ARAF pS214 peptide (comparable or slightly higher than 

with the CRAF pS259 peptide). Remarkably, analogs containing spiro-rings (70, 78, 79, 80, 83, 

86) instead of the piperidine showed very low binding in the presence of ARAF pS214, in contrast 

to the CRAF pS259 data (Figure 4.6B, Figure S4.14).  A plausible explanation lies in the plasticity 

of the peptides, which could adopt different conformations in solution. The piperidine position 

seemed to have a greater contribution compared to the substituents on the aryl ring, suggesting 

that the conformation of the peptides in solution varied. For the BRAF pS365 site, which lacked 

the +1 threonine, all compounds showed low binding (Figure 4.6B, Figure S4.15), which did not 

exceed the apo binding, observed in the absence of the peptides. The +1 alanine residue in BRAF 

pS365 site lacks the ability to form a hydrogen bond with the compounds, thus specific molecular 

recognition is highly unlikely. In other words, the observed hydrogen bond between the 

compounds and the +1 Thr in CRAF pS259 was driving the selectivity over the BRAF pS365 site, 

where the +1 residue was small and hydrophobic.  

Moreover, the compounds were tested in FA protein titrations with 10nM of each peptide. 

For the ARAF pS214 site, similar SAR was observed as in the MS assay (Figure 4.6C, Figure 

S4.16, Table S4.4); analogs with the piperidine moiety (22, 23, 29, 32, 37) showed significant 

stabilization of the 14-3-3σ/ARAF pS214 complex. The greatest effect was observed for 

compounds 22 (p-Br) and 23 (p-I), which contained the larger halogens in p-position (appKD of 12 

nM, 337-fold and 15 nM 270-fold stabilization, respectively). The spiro-analogs 78 (p-Br) and 79 
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(p-I) showed significantly weaker stabilization (appKD of 250 nM, 16-fold and 270 nM  15-fold 

stabilization respectively), indicating that the presence of the spiro-ring had a greater impact that 

the halogens in the p-position.  For the BRAF pS365 site, all the compounds showed low affinity 

(fold stabilization 4-15-fold, Figure 4.6C, Figure S4.17, Table S4.4). The weak stabilization effect 

was associated with the residues in positions +2 to +5 (PNVH), which were common in all the 

regulatory sites.  

For the structural sites (ARAF pS582, BRAF pS729, CRAF pS621), the sequences of the 

+1 to +4 amino acids were conserved (EPSL). The +1 glutamic acid engaged in an ionic bond 

with K122 (published CRAF pS621 structure, PDB: 4IEA). In agreement with a previous report for 

the natural product CN-A,38 none of the compounds showed stabilization for the ARAF pS582, 

BRAF pS729 and CRAF pS621 sites (Figure S4.18, S4.19, S4.20). The explanation for this lack 

of stabilization was obvious in the crystal structures of the binding site.  In addition to the ionic 

bond between the +1 glutamic acid and 14-3-3σ K122, the presence of the sulfonyl group would 

lead to an unfavorable electrostatic interaction with the glutamic acid, due to partial negative 

charges on both substituents. The expected lack of stabilization was confirmed by compound and 

protein titrations. Overall, the tested compounds showed preferential stabilization for the CRAF 

pS259 site, with significant appKD shifts starting from 10 μΜ in the affinity measurement to low 

nanomolar.  

14-3-3σ/CRAF binding in cells 

The ten most active compounds in the biochemical assays with 14-3-3σ/CRAF pS259 

were further validated in cell assays (Figure 4.6A). Compound 8 served as the negative control. 

Binding of full-length 14-3-3σ/CRAF was measured in cells using a NanoBRET assay (Figure 

4.7A).41 In this assay, CRAF is tagged with NanoLuciferase and 14-3-3σ is tagged with HaloTag. 

The interaction was measured in the absence and presence of stabilizer, with the expectation that 



 113 

a molecular glue would increase the BRET signal, indicating an enhanced interaction. The 

NanoBRET assay resulted in a range of fold stabilization by each molecular glue with up to 1.6-

fold stabilization and EC50 values ranged from 0.1-2 μM (Figure 4.7B, Figure S4.21D). Compound 

23 resulted in the highest fold stabilization at 1.61-fold, followed by 22 at 1.47-fold. Compounds 

22 and 23 were also among the most potent stabilizers, with EC50 values of 0.20 μΜ and 0.18 μM, 

respectively. Binding of full-length 14-3-3σ/CRAF was further validated through co-

immunoprecipitation (co-IP). NRAS Q61L, FLAG-CRAF, and HA-14-3-3σ were transfected and 

IP was performed with anti-flag beads. We measured up to a 3-fold increase in 14-3-3σ pulled 

down with FLAG-CRAF normalized to FLAG band intensity (Figure 4.7C). The increase in 14-3-

3σ pulled down is dependent on transfecting FLAG-CRAF (Figure S4.21A).  

One function of 14-3-3 is that it can protect phosphorylated residues on its client proteins 

from dephosphorylation. The top 10 stabilizers plus compound 8 were evaluated for their effect 

at protecting CRAF pS259 from dephosphorylation by western blot. We measured up to 3.15-fold 

increase in CRAF pS259 levels with 23 (Figure 4.7D). The two different compound scaffolds 

represented by the top 10 compounds generally had different efficacy in cells. 22, 23, 29, 32, and 

37 resulted in a larger fold increase in CRAF pS259 protection (1.91-3.15), whereas 70, 78, 79, 

83, and 86 resulted in a lower fold increase (1-2.28). We could also measure an increase in 

endogenous CRAF pS259 levels in KRAS G12C cancer cells, where compound 23 showed a 1.5-

fold increase in CRAF pS259 levels relative to total CRAF (Figure S4.21B). The stabilizers 

showed minimal increase in phosphorylation of the regulatory phosphorylation site ARAF pS214 

(Figure S4.21C). 23 resulted in only 1.5-fold increase in ARAF pS214 levels and 3.15-fold 

increase in CRAF pS259 levels.  

In addition to measuring 14-3-3σ/CRAF binding, we developed NanoBRET assays to 

quantify 14-3-3σ/ARAF and 14-3-3σ/BRAF binding to determine compound selectivity in cells. 

The top 10 stabilizers show various amounts of selectivity between the three RAFs (Figure 

S4.21D-F). Figure 4.7E shows how compound 22 affects the binding of 14-3-3σ with the three 
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RAFs to identify stabilizer selectivity with full-length proteins in cells. 22 shows an increase in 

BRET signal with all three RAFs, but the calculated EC50 values indicate that 22 is slightly 

selective for 14-3-3σ/CRAF over ARAF and BRAF, with EC50 values of 0.2 μM (CRAF), 4.7 μM 

(ARAF), and 0.7 μM (BRAF). Conversely, treatment with compound 70 only results in stabilization 

of the 14-3-3σ/CRAF complex, not 14-3-3σ/ARAF or 14-3-3σ/BRAF (Figure 4.7F). Additionally, 

both 23 and 70 require 14-3-3σ Cys38 to stabilize the 14-3-3σ/CRAF PPI, as mutation of this 

residue results in no stabilization (Figure 4.7E,F). 

Stabilizer effects on CRAF activity 

To analyze the mechanism of these 14-3-3σ/CRAF pS259 molecular glues, we have 

developed NanoBRET assays to measure the interactions between NRAS and CRAF as well as 

CRAF and CRAF to identify the effect of 14-3-3σ/CRAF stabilization on NRAS/CRAF interaction 

and CRAF dimerization. We expect to see a decrease in both NRAS/CRAF NanoBRET and 

CRAF/CRAF NanoBRET with addition of stabilizer since we are stabilizing the autoinhibited 

monomer complex where CRAF is a monomer and not expected to interact with Ras. The 

NRAS/CRAF and CRAF/CRAF NanoBRET were performed with NRAS Q61L to activate the 

MAPK pathway. Small molecule stabilization of 14-3-3σ/CRAF resulted in up to 75% reduction in 

NRAS Q61L/CRAF interaction with 22 (Figure 4.8A). Treatment with compound 23 resulted in a 

52% decrease in NRAS Q61L/CRAF interaction. As expected, compound 8 did not alter NRAS 

Q61L/CRAF binding. CRAF/CRAF NanoBRET showed up to a 43% decrease in CRAF dimer 

formation with 22 and a 47% decrease in CRAF dimer formation with compound 23 in the 

presence of NRAS Q61L (Figure 4.8B). The decrease in both NRAS Q61L/CRAF and 

CRAF/CRAF NanoBRET indicates that the stabilizers are gluing the 14-3-3σ/CRAF autoinhibited 

monomer complex and shifting the equilibrium of the 14-3-3σ/CRAF mechanism away from the 

active form of CRAF. 

To further analyze the effects of 14-3-3σ/CRAF stabilizers on the MAPK pathway, we 

measured the level of pERK. ERK is the final kinase in the MAPK signaling pathway and 
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phosphorylates many transcription factors to regulate gene expression. Inhibiting CRAF kinase 

activity is expected to decrease signaling through the MAPK pathway and, therefore, decrease 

levels of pERK. In CRAF dependent KRAS G12D cancer cells, treatment with pan-RAF inhibitors 

LY3009120 and Naporafenib resulted in 93% and 80% decrease in pERK, respectively. 

Treatment with 14-3-3σ/CRAF pS259 stabilizer 22 decreased pERK levels by 47% and compound 

23 resulted in 60% decrease in pERK levels. This decrease in pERK levels normalized to total 

ERK indicates that the 14-3-3σ/CRAF stabilizers are effectively inhibiting CRAF kinase activity 

and, therefore, MAPK pathway signaling. 

 

Conclusions 

14-3-3σ/CRAF pS259 stabilization with small molecule molecular glues is a novel method 

to inhibit the MAPK pathway in cancer. Our stabilizers covalently bind 14-3-3σ C38 and make 

various interactions with CRAF T260-V263 and water networks. Stabilization of the 14-3-

3σ/CRAF pS259 peptide complex was measured with these molecular glues, which showed 

selectivity for CRAF pS259 over ARAF pS214, BRAF pS365, ARAF pS582, BRAF pS729, CRAF 

pS621, and other 14-3-3σ client proteins, such as ERα. These stabilizers have been used to 

dissect the mechanism of CRAF activation and resulted in reduced NRAS/CRAF interaction and 

CRAF dimerization. 14-3-3σ/CRAF pS259 stabilizers ultimately lead to inhibition of CRAF kinase 

activity and decreased signaling through the MAPK pathway. These compounds can serve as 

invaluable tools for advancing our understanding of RAF biology, while also holding promise for 

optimization as potential therapeutics for RAS mutant cancers. 
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Figures

 
Figure 4.1: 14-3-3 regulation of RAF kinases 
A) MAPK pathway schematic. B) Regulatory and structural phosphorylation sites on A-, B-, and CRAF. 
Sequences for phosphorylation sites with differences and similarities in +1 residues highlighted. C) 
Proposed mechanism of monomer to dimer transition for CRAF, based on 14-3-3/BRAF and 14-3-3/CRAF 
cryo-EM structures. D) Crystal structure of CN-A bound to the 14-3-3ζ/CRAF pS259 complex. PDB 4IHL. 
E) Top: Crystal structure of 1074202/14-3-3σ/ERα (PDB 8AWG). Bottom: Crystal structure of fragment 
TC521/14-3-3σ/p65 (PDB 6YOW). F) Fragment merging general scaffold for 14-3-3σ/CRAF pS259 
stabilizers.  
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Figure 4.2: Fragment merging modification (I) and aryl ring modifications (II) 
A) MS bar graphs at 1 μM compound, 100 nM 14-3-3σ (10:1 ratio). CRAF pS259 data are shown in different 
colors, apo data (in the absence of peptide) are shown in black. For each compound, time course 
experiments were performed with measurements at 1h, 8h, 16h and 24h. B) Bar graphs of FA compound 
titration pEC50 values after overnight incubation. CRAF pS259 data are shown with different colors. C) 
Crystal structure of 14-3-3σ (grey), CRAF pS259 peptide (blue), and 12 (pink). D) Interactions of 12 at the 
14-3-3σ/CRAF pS259 interface. E) Movement of helix 9 of 14-3-3σ comparing the binary (dark grey) with 
ternary (light grey) 14-3-3σ/CRAF/12 structures. F) Crystal structure of 14-3-3σ (grey), CRAF pS259 (blue), 
and 21 (purple). G) Overlay of analogs 12 (pink) and 21 (purple). H) Interactions of 23 (dark purple) at the 
14-3-3σ/CRAF interface are shown in black dashes and water molecules as red dots. 
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Figure 4.3: Poly-substitutions on the aryl ring and aliphatic analogs 
A) MS bar graphs at 1 μM compound, 100 nM 14-3-3σ (10:1 ratio). CRAF pS259 data are shown in different 
colors, apo data (in the absence of peptide) are shown in black. For each compound, time course 
experiments were performed with measurements at 1h, 8h, 16h and 24h. B) Bar graphs of FA compound 
titration pEC50 values after overnight incubation. CRAF pS259 data are shown with different colors.  
Interactions of analog 29 (yellow) (C) and analog 37 (green) (D) at the 14-3-3σ (grey)/CRAF pS259 (blue) 
interface. E) Structural overlay of analogs 22 (cyan), 29 (yellow), 32 (red), 37 (green).   
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Figure 4.4: Piperidine replacements (III) 
A) MS bar graphs at 1 μM compound, 100 nM 14-3-3σ (10:1 ratio). CRAF pS259 data are shown in different 
colors, apo data (in the absence of peptide) are shown in black. For each compound, time course 
experiments were performed with measurements at 1h, 8h, 16h and 24h. B) Bar graphs of FA compound 
titration pEC50 values after overnight incubation. CRAF pS259 data are shown with different colors. C) 
Interactions of 70 (salmon) at the 14-3-3σ (grey) / CRAF pS259 (blue) interface. D) Hydrogen bond network 
between 14-3-3σ residues (white), CRAF pS259 (blue), and 70, mediated by water. E) Structural overlay 
of analogs 37 (green) and 70 (salmon).  
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Figure 4.5: Combinations of spirocycles and aryl ring modifications (V) 
A) MS bar graphs at 1 μM compound, 100 nM 14-3-3σ (10:1 ratio). CRAF pS259 data are shown in different 
colors, apo data (in the absence of peptide) are shown in black. For each compound, time course 
experiments were performed with measurements at 1h, 8h, 16h and 24h. B) Bar graphs of FA compound 
titration pEC50 values after overnight incubation. CRAF pS259 data are shown with different colors.  
Interactions of 78 (light green) (C) and 86 (orange) (D) at the 14-3-3σ (grey) / CRAF pS259 (blue) interface. 
Structural overlays of analogs 70 (salmon) and 83 (blue) (E), 70 (salmon) and 86 (orange) (F), and 83 (blue) 
and 86 (orange) (G).  
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Figure 4.6: Stabilizer selectivity with A-, B-, and CRAF 
A) Chemical structures of compounds tested in biochemical assays for all regulatory RAF sites. B) MS bar 
graphs at 1 μM compound, 100 nM 14-3-3σ (10:1 ratio), CRAF pS259 data (top left), ARAF pS214 (middle 
left), BRAF pS365 (bottom left). For each compound apo bar graphs are shown in black. Time course 
experiments were performed with measurements at 1h, 8h, 16h and 24h. C) Fold-stabilization observed in 
FA protein titrations after overnight incubation in the presence of 100 μΜ compound, 10 nM CRAF pS259 
(top right), ARAF pS214 (middle right), BRAF pS365 (bottom right). Data are shown in SI (Table S4.4 for 
the MS, S4.5 for the FA). 
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Figure 4.7: Results of top stabilizers on 14-3-3σ/RAF binding in cells 
A) Schematic of NanoBRET assay. CRAF is tagged with NanoLuc and 14-3-3σ is tagged with HaloTag. 
Molecular glues are expected to increase in the BRET signal. B) NanoBRET results for 14-3-3σ/CRAF with 
5 of the top stabilizers plus an inactive compound 8. Stabilizers resulted in various levels of stabilization 
and EC50 values between 100 nM – 1 μM. C) Co-IP pulling down on FLAG-CRAF and measuring the amount 
of 14-3-3σ bound. 23 resulted in 3-fold increase in 14-3-3σ/CRAF interaction. D) Protection of pS259 CRAF 
with treatment of stabilizer. 23 resulted in over 3-fold increase in CRAF pS259 levels normalized to total 
CRAF. E) Comparison of 14-3-3σ/A-, B-, and CRAF NanoBRET to measure selectivity of compound 22 
between the RAFs. 22 stabilizes 14-3-3σ/CRAF the most but is non-selective. Stabilization requires 14-3-
3σ C38. F) Comparison of 14-3-3σ/A-, B-, and CRAF NanoBRET to measure selectivity of compound 70 
between the RAFs. 70 is selective for CRAF over A- and BRAF. Stabilization requires 14-3-3σ C38. 
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Figure 4.8: Results of top stabilizers on CRAF activity in cells 
A) NRAS Q61L/CRAF NanoBRET. 23 results in up to 75% reduction in NRAS Q61L/CRAF interaction. B) 
CRAF/CRAF NanoBRET. 22 results in 50% reduction in CRAF dimerization. C) pERK levels after treatment. 
Commercial RAF inhibitors result in up to 90% reduction in pERK and 23 results in 60% reduction in pERK 
levels compared to total ERK. 
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Supplementary Figures 

 
Figure S4.1: 14-3-3/RAF binding and assay overview  
Comparison of 14-3-3/full length client structure with 14-3-3/phosphopeptides. A) Cryo-EM structure of 14-
3-3ζ (dark grey cartoon) bound to full-length BRAF (red cartoon) and MEK (gold cartoon), PDB 6NYB. B) 
Close-up view of BRAF pS365 regulatory site (left monomer, pink sticks) and BRAF pS729 structural site 
(right monomer, red sticks) bound to 14-3-3ζ (dark grey cartoon), PDB 6NYB. C) Left monomer: 14-3-3ζ 
(grey cartoon) bound to CRAF pS259 phosphopeptide (blue sticks), PDB 4IHL. Right monomer: 14-3-3σ 
(grey cartoon) bound to CRAF pS621 phosphopeptide (dark blue sticks), PDB 4IEA. D) Overview of assays. 
Mass spectrometry time-course experiments were performed at 1h, 8h, 16h and 24h in the presence of 
CRAF pS259 phosphopeptide. Bar graphs were used to represent % bound at 1 μΜ compound 
concentration (10:1 [protein]:[compound] ratio). Fluorescence anisotropy compound titrations were 
performed in the presence of FAM-labeled CRAF pS259 phosphopeptide. EC50 values were calculated 
from the overnight measurement. pEC50 bar graphs represent the positive log EC50 value.  
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Figure S4.2: MSDR (apo) for compounds discussed in Figure 4.2 
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Figure S4.3: MSDR (CRAF pS259) for compounds discussed in Figure 4.2 
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Figure S4.4: FADR with CRAF pS259 for compounds discussed in Figure 4.2 
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Figure S4.5: FA protein titrations with CRAF pS259 with compounds 8-40 
Measured KD values are indicated in the legend. 
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Figure S4.6: MSDR curves (apo) for compounds discussed in Figure 4.3 

 
  
Figure S4.7: MSDR (CRAF pS259) for compounds discussed in Figure 4.3 



 130 

 
 
Figure S4.8: FADR with CRAF pS259 for compounds discussed in Figure 4.3 
 



 131 

 
Figure S4.9: MSDR (apo) for compounds discussed in Figure 4.4 
 

 
Figure S4.10: MSDR (CRAF pS259) for compounds discussed in Figure 4.4 
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Figure S4.11: FADR with CRAF pS259 for compounds discussed in Figure 4.4 
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Figure S4.12: FA protein titrations with CRAF pS259 with compounds 46-89 
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Figure S4.13: MSDR (apo, CRAF pS259) and FADR for compounds in Figure 4.5 
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Figure S4.14: MSDR (ARAF pS214) for compounds in Figure 4.5 
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Figure S4.15: MSDR (BRAF pS365) for compounds in Figure 4.5 
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Figure S4.16: FA protein titrations (ARAF pS214) with top stabilizers 
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Figure S4.17: FA protein titrations (BRAF pS365) with top stabilizers 
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Figure S4.18: FA protein titrations (ARAF pS582) with top stabilizers 
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Figure S4.19: FA protein titrations (BRAF pS729) with top stabilizers 
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Figure S4.20: FA protein titrations (CRAF pS621) with top stabilizers 
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Figure S4.21: Cellular results of top stabilizers 
A) Co-IP results with and without FLAG-CRAF transfection. B) Endogenous CRAF pS259 levels in MIA 
PaCa-2 cells after compound treatment. C) ARAF pS214 levels after compound treatment. D) NanoBRET 
results for 14-3-3σ/CRAF with top 10 stabilizers and an inactive compound. E) NanoBRET results for 14-
3-3σ/BRAF with top 10 stabilizers and an inactive compound. F) NanoBRET results for 14-3-3σ/ARAF with 
top 10 stabilizers and an inactive compound. 
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Supplementary Tables 

Table S4.1: MS time course results for apo and CRAF pS259 
Percentage (%) bound of compound (1 μM) to 14-3-3σ (100 nM) measured by mass spectrometry 
in the absence of peptide (apo) or with CRAF pS259 peptide (18 µM) after 1, 8, 16 and 24 hours. 

  APO CRAF pS259 
Compound  SMDC ID 1h 8h 16h 24h 1h 8h 16h 24h 

(6) 1075353 0 1 4.7 4.7 0.9 2.9 6.5 7 
(7) 1075476 1 1.9 1.9 2.9 1.5 1.5 2.5 4.7 
(8) 1075477 0 0 1.9 2.9 2.9 5.6 5.6 5.6 
(9) 1075352 0 0 1.5 1.9 0 0.5 2.9 3.2 
(10) 1076407 4.7 4.7 4.7 4.7 4.7 5.6 5.7 13 
(11) 1076408 0 1.5 4.7 6.9 6.9 15 26 50.3 
(12) 1075475 1 1.5 2.9 4.3 12.1 32.8 47.8 64.4 
(13) 1076390 0 1.5 2.5 4.3 0.9 2.9 5.6 14.1 
(14) 1076413 1.9 2.5 3 15 4.7 7.4 9.9 20.9 
(15) 1083849 0.5 1.9 2.4 2.4 3.3 8.2 13.7 23.3 
(16) 1083843 0 1 1.9 2.9 3.3 8.2 18 32.4 
(17) 1083844 0 0 0.5 0.9 1.9 3.4 6.5 12.3 
(18) 1076412 0 0.9 6.5 12.7 8.2 17.9 28.4 46.8 
(19) 1083842 0 0.5 2.5 6.5 20.5 41.3 69.5 91.3 
(20) 1083841 0 0.5 1.5 2.9 4.7 12.1 23.9 42.3 
(21) 1075354 1,5 2.9 4.4 7.4 2.9 6.5 10.7 32.2 
(22) 1083853 6.5 10.7 16 20.3 61 85.5 94.8 98.5 
(23) 1083848 0 0 0.5 0.9 55.6 78.5 88.9 91 
(24) 1083852 0 0.5 0.5 1.5 7.3 13.7 26.7 51.8 
(25) 1076411 0.5 1.9 7.4 13.8 10.6 15 27.1 44.4 
(26) 1124380 0 0 1.9 5.2 4.3 11.3 22.6 34.1 
(27) 1083846 1 2,5 3.8 5.2 6.9 14.1 27.5 50.3 
(28) 1083845 1.9 4.7 6.5 9.1 4.3 15.2 27.5 40 
(29) 1076409 0 1.9 4.7 8.2 20.5 38.1 57.1 80.1 
(30) 1076410 1 2.5 6.5 22.5 11 24.8 41.8 60.3 
(31) 1083850 0.9 1.9 2.5 3.8 21 38.1 59.1 81.4 
(32) 1083854 0 0.5 0.9 0.9 14.1 21.6 39.3 74.1 
(33) 1083847 0 0 0.9 0.9 7.7 18.5 31.8 50.3 
(34) 1083851 0 0.5 0.9 0.9 0.5 0.9 0.9 3.8 
(35) 1083855 0 0 0 0.5 0 0 0 3.8 
(36) 1083916 0 0.9 2.9 4.5 20.6 41.1 69.5 91.7 
(37) 1083917 0 0.9 2.5 7.4 48.7 77.1 95.2 98 
(38) 1083918 0 0.9 2.9 4.4 28 43.9 61.9 83.3 
(39) 1083919 0 1.9 3.8 3.8 39.3 64.6 78.1 96.7 
(40) 1083920 0 0.5 1.5 4.7 35.9 60.5 78.9 93.9 
(43) 1124381 0 0.5 3.5 6.1 4.3 9.1 16.7 32.9 
(46) 1124382 0.5 1.9 4.7 8.2 25.8 39.4 49 84 
(49) 1084346 1.9 5.2 13.8 15.9 11.1 32.4 53.8 86.6 
(52) 1084353 2.9 11.3 18.5 28.6 25 45.1 64.3 80.2 
(55) 1084347 0 0.9 1.9 7.4 6.1 9.9 20.6 34.6 
(58) 1084348 4.7 17.3 28 51.8 16.5 45.2 71.2 80.5 
(61) 1084349 5.2 13.3 21.8 36.8 37.1 68 80.9 83.3 
(64) 1084350 9.9 27.2 47.2 65 27.5 53.6 79 80.8 
(67) 1084351 2.9 9.1 15.9 23 15 30.4 55.6 81.5 
(70) 1084352 2.9 7.4 15.9 20 30 47.5 68 87.2 
(73) 1084354 0 1.5 1.5 3.8 1.9 2.9 12.1 31 
(74) 1084757 0 0 0 0 0 0 0 4.7 
(75) 1084758 0 0 0 0 0 0 0 2.9 
(78) 1124378 1.9 3.8 12.2 14.1 8.3 25.3 35.6 70 
(79) 1124379 1.5 5.6 10.6 32.4 15 29.5 52.6 72 
(80) 1124898 5.6 5.6 7.8 11 6 7 15.2 25.1 
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  APO CRAF pS259 
Compound SMDC ID 1h 8h 16h 24h 1h 8h 16h 24h 

(83) 1124383 1.9 3.8 14.5 25.6 27 52.5 66.3 84 
(86) 1124384 3.3 10.7 23 36.8 64.6 93.1 97.1 98.5 
(89) 1124385 5.6 14.5 36.2 53.9 43 65.8 82 92 
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Table S4.2: FA results with CRAF pS259 
EC50 values derived from FA compound titrations in the presence of 10 nM of CRAF pS259-FAM 
labeled peptide and 5 μΜ 14-3-3σ. Protein titrations with CRAF pS259-FAM for compounds with 
EC50 < 20 μΜ (10 nM of CRAF pS259-FAM, 100 μΜ compound, 250 μΜ 14-3-3σ starting 
concentration, 2-fold dilution). EC50 and appKD values refer to overnight measurements. 

 
 Compound 

titrations Protein titrations 

Compound  SMDC ID 
EC50 value  

CRAF pS259 
(µM) 

appKD (nM) 
(100 µM 

compound) 
KD with DMSO 

reference 

X Fold 
stabilization     

(100 µM 
compound) 

(6)  1075353 >1000 ΝΑ ΝΑ ΝΑ 
(7) 1075476 >1000 ΝΑ ΝΑ ΝΑ 
(8) 1075477 >1000 6600 nM  6700 nM 1 
(9) 1075352 >1000 ΝΑ ΝΑ ΝΑ 
(10) 1076407 66 ± 4 μM ΝΑ ΝΑ ΝΑ 
(11) 1076408 17 ± 3 μM 400 nM 1325 nM 4  
(12) 1075475 3 ± 1 μM 190 nM  4200 nM  22 
(13) 1076390 >1000 ΝΑ ΝΑ ΝΑ 
(14) 1076413 82 ± 6 μM ΝΑ ΝΑ ΝΑ 
(15) 1083849 87 ± 9 μM ΝΑ ΝΑ ΝΑ 
(16) 1083843 > 150 ΝΑ ΝΑ ΝΑ 
(17) 1083844 > 150 ΝΑ ΝΑ ΝΑ 
(18) 1076412 17 ± 1 μM 280 nM  4200 nM 15 
(19) 1083842 13 ± 3 μM 213 nM 3050 nM 14 
(20) 1083841 >150 ΝΑ ΝΑ ΝΑ 
(21) 1075354 5 ± 1.0 μM 480 nM 4200 nM  9 
(22) 1083853 1 ± 0.5 μΜ 47 nM 8427 nM 179 
(23) 1083848 1 ± 0.5 μM 30 nM 8427 nM 280 
(24) 1083852 14 ± 1 μM 110 nM 2277 nM 21 
(25) 1076411 57 ± 9 μM ΝΑ ΝΑ ΝΑ 
(26) 1124380 26 ± 3 μΜ ΝΑ ΝΑ ΝΑ 
(27) 1083846 >150 μM ΝΑ ΝΑ ΝΑ 
(28) 1083845 88 ± 2 μM ΝΑ ΝΑ ΝΑ 
(29) 1076409 1 ± 0.5 μM 100 nM 8427 nM 84 
(30) 1076410 12 ± 2 μM 780 nM 2277 nM 3 
(31) 1083850 8 ± 1 μM 1420 nM 2277 nM 2 
(32) 1083854 4 ± 1 μM 140 nM  8427 nM  60  
(33) 1083847 9 ± 1 μM 230 nM 3050 nM 13 
(34) 1083851 > 1000 ΝΑ ΝΑ ΝΑ 
(35) 1083855 > 1000 ΝΑ ΝΑ ΝΑ 
(36) 1083916 25 ± 2 μM 240 nM  4200 nM 18 
(37) 1083917 5 ± 1 μM 92 nM 8427 nM 92 
(38) 1083918 2 ± 1 μΜ 218 nM 8427 nM 39 
(39) 1083919 17 ± 3 μM 420 nM 4200 nM 7 
(40) 1083920 2 ± 1 μM 320 nM            4200 nM 13 
(43) 1124381 > 1000 ΝΑ ΝΑ ΝΑ 
(46) 1124382 11 ± 1 μM 170 nM  8427 nM  49 
(49) 1084346 47 ± 4 μM ΝΑ ΝΑ ΝΑ 
(52) 1084353 94 ± 9 μM ΝΑ ΝΑ ΝΑ 
(55) 1084347 > 1000 ΝΑ ΝΑ ΝΑ 
(58) 1084348 12 ± 1 μM 450 nM 2700 nM 6 
(61) 1084349 78 ± 7 μM ΝΑ ΝΑ ΝΑ 
(64) 1084350 15 ± 2 μM 1160 nM 2277 nM 2 
(67) 1084351 14 ± 1 μM 250 nM 2700 nM 11 
(70) 1084352         2 ± 1 μM 58 nM  5514 nM  95 
(73) 1084354 > 1000 ΝΑ ΝΑ ΝΑ 
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  Compound 
titrations Protein titrations 

Compound  SMDC ID 
EC50 value  

CRAF pS259 
(µM) 

appKD (nM) 
(100 µM 

compound) 
KD with DMSO 

reference 

X Fold 
stabilization     

(100 µM 
compound) 

(74) 1084757 > 1000 ΝΑ ΝΑ ΝΑ 
(75) 1084758 > 1000 ΝΑ ΝΑ ΝΑ 
(78) 1124378 2 ± 1 μΜ 40 nM 8427 nM 210 
(79) 1124379 2 ± 1 μΜ 35 nM 8427 nM 240 
(80) 1124898  9 ± 2 μM 420 nM  4600 nM  11 
(83) 1124383 5 ± 2 μΜ 102 nM 8427 nM 83 
(86) 1124384 1 ± 1 μΜ 28 nM 8427 nM 300 
(89) 1124385 > 250  620 nM  5514 nM  9 

 
Table S4.3: MS time course results for regulatory phosphorylation sites  
Percentage (%) bound of compound (1 μM) to 14-3-3σ (100 nM) measured by mass spectrometry 
in the presence of CRAF pS259 peptide (18 µM) or ARAF pS214 peptide (16 µM) or BRAF pS365 
peptide (5 µM) after 1, 8, 16 and 24 hours. 

  CRAF pS259 ARAF pS214 BRAF pS365 
No. SMDC ID 1h 8h 16h 24h 1h 8h 16h 24h 1h 8h 16h 24h 
(8) 1075477 0 0 1.9 2.9 0 0 0 0 0 0 2.5 2.5 
(22) 1083853 61 85.5 94.8 98.5 54.1 75 81.4 88.5 1 1.9 1.9 11.6 
(23) 1083848 55.6 78.5 88.9 91 92 95.5 97.5 97.5 0 1.4 2.4 5.6 
(29) 1076409 20.5 38.1 57.1 80.1 79 96.5 97 97 0 1.4 11.4 21.2 
(32) 1083854 14.1 21.6 39.3 74.1 58.2 82.1 94.3 95.2 0 1 3.4 15.9 
(37) 1083917 48.7 77.1 95.2 98 90.9 98 99 99 0 4.2 7 17.3 
(70) 1084352 30 47.5 68 87.2 5.2 12.6 18.5 32.3 2.4 9.9 19.3 32.2 
(78) 1124378 8.3 25.3 35.6 70 2.9 9 15.5 28 1 5.2 11.9 23 
(79) 1124379 15 29.5 52.6 72 4.7 8.2 15.2 23.5 0 1.9 5.1 14.1 
(80) 1124898 6 7 15.2 25.1 1.9 3.8 6.5 9 1 4.7 11.4 18.6 
(83) 1124383 27 52.5 66.3 84 4.7 9.5 16.5 24.5 1.9 4.2 8.6 12.6 
(86) 1124384 64.6 93.1 97.1 98.5 11.3 21.7 35.2 44.5 1 5.2 9.9 11.8 

 
Table S4.4: FA protein titrations with regulatory phosphorylation sites  
Protein titrations in the presence of 10 nM FAM-labeled peptides: ARAF pS214, BRAF pS365 or 
CRAF pS259, 100 μΜ compound, 250 μΜ 14-3-3σ starting concentration, 2-fold dilution. appKD 
values refer to overnight measurements. 

  ARAF pS214 BRAF pS365 CRAF pS259 

No. SMDC 
ID. 

appKD 
 

X 
fold 
stab. 

appKD 
 

X fold 
stab. 

appKD 
 

appKD 
DMSO 

X fold 
stab. 

(8) 1075477  4400 
nM  1 640 nM 1 6600 nM  6700 nM  1 

(22) 1083853 12 nM  337 180 nM 4 47 nM 8427 nM 179 
(23) 1083848 15 nM  270 105 nM 6 30 nM 8427 nM 280 
(29) 1076409 30 nM  135 140 nM 5 100 nM 8427 nM 84 
(32) 1083854 94 nM  43 112 nM 6 140 nM  8427 nM  60  
(37) 1083917 26 nM  155 52 nM 13 92 nM 8427 nM 92 
(70) 1084352 180 nM  23 41 nM 15 58 nM  5514 nM  95 
(78) 1124378 250 nM 16 41 nM 15 40 nM 8427 nM 210 
(79) 1124379 270 nM  15 100 nM 6 35 nM 8427 nM 240 
(80) 1124898 310 nM  13 110 nM 6 420 nM  4600 nM  11 
(83) 1124383 140 nM 28 180 nM 4 102 nM 8427 nM 83 
(86) 1124384 72 nM  56 155 nM 4 28 nM 8427 nM 300 

 DMSO 4050 nM -  650 nM - - - - 
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Materials and Methods 

Protein expression and purification  

The 14-3-3 σ isoform (full-length for mass spectrometry and fluorescence anisotropy assays, ΔC 

for crystallography) with an N-terminal His6 tag was expressed in RosettaTM 2(DE3)pLysS 

competent E. coli (Novagen) from a pPROEX HTb expression vector. After transformation 

following manufacturer’s instructions, single colonies were picked to inoculate 30 mL precultures 

(LB), which were added to 1.5 L terrific broth (TB) medium after overnight growth at 37°C, 250 

rpm. Expression was induced upon reaching OD600 1.9−2.1 by adding 400 μM IPTG. After 

overnight expression at 30°C, 150 rpm, cells were harvested by centrifugation at 6,500 rpm, 

resuspended in lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, 10% glycerol, 

1 mM TCEP), and lysed by sonication. The His6-tagged protein was purified by Ni-affinity 

chromatography (Ni-NTA Agarose, Invitrogen) (Wash buffer 50 mM HEPES pH 7.5, 500 mM NaCl, 

20 mM imidazole, 1 mM TCEP; Elution buffer 50 mM HEPES pH 7.5, 500 mM NaCl, 500 mM 

imidazole, 1 mM TCEP) and analyzed for purity by SDS-PAGE and Q-Tof LC/MS. The protein 

was buffer exchanged (Storage buffer 25 mM HEPES pH 7.5, 150 mM NaCl, 1 mM TCEP) and 

concentrated to ~16 mg/mL and aliquots flash-frozen for storage at −80°C. The ΔC variant was 

truncated at the C-terminus after T231 to enhance crystallization and after the first Ni-affinity 

chromatography column, the construct was treated with TEV protease to cleave off the His6 tag 

during dialysis (25 mM HEPES, pH 7.5, 200 mM NaCl, 5% glycerol, 10 mM MgCl2, 250 µM TCEP) 

overnight at 4 °C. The flow-through of a second Ni-affinity column was subjected to a final 

purification step by size exclusion chromatography (Superdex 75 pg 16/60 size exclusion column 

(GE Life Science) (SEC buffer: 25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2, 250 µM 

TCEP). The protein was concentrated to ~60 mg/mL, analyzed for purity by SDS-PAGE and Q-

Tof LC/MS and aliquots flash-frozen for storage at -80 °C.  
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Peptide sequences 

Peptides for mass spectrometry assays were purchased from Elim Biopharmaceuticals, Inc. 

(Hayward, CA). Peptides for X-ray crystallography were purchased from GenScript Biotech Corp. 

Fluorescein-labeled (5-FAM) peptides for fluorescence anisotropy assays were purchased from 

Elim Biopharmaceuticals, Inc. (Hayward, CA) or GenScript Biotech Corp. KD values of the 

fluorescently labeled peptides for 14-3-3σ are shown in the following graphs. 

Acetylated 
peptides 

Sequences for mass spectrometry Sequences for crystallography 

A-RAF pS214-pp Ac-LQRIRST{pS}TPNVHMV-CONH2 Ac- RIRST(pS)TPNVHM -CONH2 
B-RAF pS365-pp Ac-DRSS{pS}APNVH -CONH2 Ac- RDRSS(pS)APNVHI -CONH2 

C-RAF pS259-pp Ac-RQRST{pS}TPNVH-CONH2 Ac-QRST(pS)TPNVH -CONH2 
  Ac- RQRST(pS)TPNVHM-CONH2  
5-FAM peptides Sequences for fluorescence 

anisotropy 
 

A-RAF pS214-pp 5-FAM-LQRIRST{pS}TPNVHMV-CONH2  
B-RAF pS365-pp 5-FAM-DRSS{pS}APNVH-CONH2  
C-RAF pS259-pp 5-FAM-QRST{pS}TPNVH-CONH2  
A-RAF pS582-pp 5-FAM-PKIERSA{pS}EPSLHRT-CONH2  
B-RAF pS729-pp 5-FAM-PKIHRSA{pS}EPSLNRA-CONH2  
C-RAF pS621-pp 5-FAM-PKINRSA{pS}EPSLHRA-NH2  

 

LC-MS dose response assays 

Mass spectrometry dose response assays were performed on a Waters Acquity UPLC/ Xevo G2-

XS Q-Tof mass spectrometer.  A Waters UPLC Protein BEH-C4 Column (300 Å, 1.7 μm, 2.1 mm 

x 50 mm) was used to desalt the samples prior to application on the mass spectrometer. For 19-

point MS dose responses, 50 mM compound stocks in DMSO were serially diluted in 3-fold 

increment in a master plate, then 1000 nL of the compounds were transferred in the assay plates. 

Master mixes containing 100 nM full-length wild type 14-3-3σ in the absence or presence of either 

18 μM C-RAF259 or 16 μM A-RAF214 or 5 μM B-RAF365 were then dispensed into 384 well 
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plates (Greiner Bio-One, catalog number 784201). Assay buffer was TRIS (10 mM, pH 8.0) and 

final volume per well was 50 μL, with final top concentration of compounds dose response series 

at 1 mM. The reaction mixtures were incubated for 1h at rt before subjected to MS. Four 

measurements (1h, 8h, 16h, 24h) were performed for time-course experiments. The injection 

volume for each sample was 6 μl. 24 μL of sample were needed for the time-course experiments, 

so the total volume in the assay plate was adjusted to 50 μL, to account for the dead volume in 

the injections.  Data collection and automated processing followed a custom workflow, as 

previously described. z Plots were created using GraphPad Prism with the log(agonist) vs. 

response (variable slope, four parameters) fitting model.    

Fluorescence anisotropy measurements  

Fluorescein-labeled peptides (5-FAM), 14-3-3σ full-length protein, the compounds (50 mM stock 

solution in DMSO) were diluted in buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween20, 

1 mg/mL Bovine Serum Albumin (BSA; Sigma-Aldrich). Final DMSO in the assay was always 1%. 

Dilution series of 14-3-3σ proteins or compounds were made in black, round-bottom 384-

microwell plates (Greiner Bio-one 784900) in a final sample volume of 10 µL in triplicates.  

For compound titrations the initial 50 mM compound stock solutions in DMSO were diluted to 

20mM in a 384-well master plate, followed by a serial 2-fold dilution. Then, 500 nL of the dilution 

series were transferred in the assay plates. A master mix containing 10 nM fluorescein-labeled 

C-RAF-pS259 peptide and 5 μM full length 14-3-3σ (concentration at EC20 value of the protein-

peptide complex) in buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% Tween20, 1 mg/mL BSA) 

was dispensed on the assay plates. The final volume per well was 10μL, with final top 

concentration of compounds dose response series at 1mM. Each compound was measured in 

triplicates, in two independent experiments. Fluorescence anisotropy measurements were 
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performed directly and after overnight incubation at room temperature. The high protein 

concentration used in this assay limits the sensitivity for potent compounds (EC50 < 1μM). 

Protein titrations were made by titrating 14-3-3σ in a 2-fold dilution series (starting at 250 µM) 

to a mix of fluorescein-labeled peptide (10 nM) and DMSO or compound (100 µM). Fluorescence 

anisotropy measurements were performed after overnight incubation at room temperature. 

Protein titrations were more sensitive than compound titrations for highly potent compounds and 

the appKD values obtained were not limited by the protein concentration used.  

Fluorescence anisotropy values were measured using a Molecular Devices ID5 plate reader (filter 

set λex: 485 ± 20 nm, λem: 535 ± 25 nm; integration time: 50 ms; settle time: 0 ms; shake 5sec, 

medium, read height 3.00 mm, G factor = 1. Data reported are at endpoint. EC50 and apparent KD 

values were obtained from fitting the data with a four-parameter logistic model (4PL) in GraphPad 

Prism 7 for Windows. Data was obtained and averaged based on two independent experiments.  

X-ray crystallography data collection and refinement  

The 14-3-3σΔC protein, Ac-CRAF/BRAF/ARAF and compounds (50 mM stock in DMSO) were 

dissolved in complexation buffer (25 mM HEPES pH=7.5, 2 mM MgCl2 and 100 μM TCEP) and 

mixed in a 1:2:3 or 1:3:5 molecular stoichiometry (protein : peptide : compound) with a final protein 

concentration of 11 or 12 mg/mL The complex was set-up for sitting-drop crystallization after 

overnight incubation at 4 °C, in a custom crystallization liquor (0.05 M HEPES (pH 7.1, 7.3, 7.5, 

7.7), 0.19 M CaCl2 24-29% PEG400, and 5% (v/v) glycerol). Crystals grew within 10-14 days at 

4 °C. Crystals were fished and flash-cooled in liquid nitrogen. X-ray diffraction (XRD) data were 

collected at the European Synchrotron Radiation Facility (ESRF Grenoble, France, beamline 

ID23-1, ID30A-3/MASSIF-3, or ID23-2). Initial data processing was performed at ESRF using 
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autoPROC after which pre-processed data was taken towards further scaling steps, molecular 

replacement, and refinement.  

Data was processed using CCP4i2 suite (version 8.0.003). After indexing and integrating the data, 

scaling was done using AIMLESS. The data was phased with MolRep, using 3IQU as template. 

The presence of co-crystallized ligands was verified by visual inspection of the Fo-Fc and 2Fo-Fc 

electron density maps in COOT (version 0.9.6). If electron density corresponding to the co-

crystallized ligand was present, its structure and restrains were generated using AceDRG.  After 

building in the ligand, model rebuilding and refinements was performed using REFMAC5. The 

PDB REDO server (pdb-redo.edu) or phenix.refine form Phenix software suite (version 1.19.2-

4158) was used to complete the model building and refinement. The images were created using 

the PyMOL Molecular Graphics System (Schrödinger LLC, version 4.6.0).  

NanoBRET 

NanoBRET assays were performed as previously described in Chapter 3. Briefly, eight constructs 

were generated, and combination and ratio tests were performed in HEK293T cells. The table 

blow describes the constructs used and additional transfections for each NanoBRET experiment.   

NanoBRET assay NanoLuc HaloTag Additional 
Transfections 

14-3-3σ/CRAF CRAF-NanoLuc 14-3-3σ-HaloTag  
14-3-3σ/ARAF ARAF-NanoLuc 14-3-3σ-HaloTag  
14-3-3σ/BRAF BRAF-NanoLuc 14-3-3σ-HaloTag  
NRAS/CRAF CRAF-NanoLuc HaloTag-NRAS Q61L 14-3-3σ 
CRAF/CRAF CRAF-NanoLuc HaloTag-CRAF NRAS Q61L, 14-3-3σ 

 

Cell culture and western blots 

HEK293T and MIA PaCa-2 cells were grown in DMEM, high glucose (Gibco) with 10% Fetal 

Bovine Serum (FBS) and PANC0813 cells were grown in RPMI 1640 medium (Gibco) with 15% 
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FBS plus insulin. All compound treatments were for 24 hours. Anti-CRAF pS259 (Invitrogen 44-

502), anti-CRAF (BD Biosciences 610152), anti-phospho-ERK (Cell Signaling Technology 

4370S), anti-ERK (Santa Cruz Biotechnology sc-514302), anti-Vinculin (Cell Signaling 

Technology 13901S), anti-FLAG (Cell Signaling Technology 8146S), and anti-14-3-3σ (Invitrogen 

SD2070) antibodies were used to detect protein. All were used at a 1:1,000 dilution except anti-

Vinculin, which was used at 1:2,000. Western blots were imaged on a LI-COR imaging system 

and analyzed using Image Studio. 

Co-immunoprecipitation 

HEK293T cells were dosed with compound for 24 hours before lysis (Triton X-100). Clarified 

lysate was incubated with Pierce anti-FLAG magnetic beads (Thermo Fisher A36797) following 

the manufacturers protocol. Lysate and IP samples were analyzed using antibodies described 

above. 

Docking 

Computational design for SAR optimization and docking was performed with SeeSAR version 

11.2.0; BioSolveIT GmbH, Sankt Augustin, Germany, 2022, www.biosolveit.de/SeeSAR 

Software versions 

Prism (10.2.0) 

Illustrator (22.1 (64-bit)) 

Biorender (64-bit) 

Pymol (4.6.0) 

CCP4i2 (8.0.003) 

COOT (0.9.8.1) 

http://www.biosolveit.de/SeeSAR
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Phenix (1.19.2-4158) 

Image Studio (5.2.5) 
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Abstract 

The field of drug discovery has seen a recent surge of interest in PPI stabilization. Notably, the 

Arkin and Brunsveld Labs have pioneered the development of PPI stabilizers targeting numerous 

14-3-3/client interactions, effectively modulating client protein function in disease contexts. In our 

endeavor to broaden systematic approaches for PPI stabilizer discovery, we have harnessed 

mass spectrometry-based disulfide tethering screening technology to explore a novel class of hub 

proteins, WD-40 domain containing proteins. These hub proteins, which have similar properties 

to 14-3-3/client interactions, represent a promising avenue for intervention. Modulation of novel 

hub protein/client interactions could be therapeutically beneficial in many diseases such as cancer. 

By employing the tethering approach with this new class of hub proteins, we have successfully 

identified stabilizers and inhibitors for their protein/peptide interactions. This pioneering work 

demonstrates the potential expansion of tethering technology for accelerated discovery of PPI 

modulators across diverse hub protein systems. 
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Introduction 

Having successfully employed the mass spectrometry-based site-directed disulfide 

tethering screen to discover stabilizers targeting several 14-3-3σ/client interactions,1–4 we aimed 

to expand the application of this methodology to explore a new hub protein system. As outlined 

in Chapter 2, this screening approach evaluates the covalent binding of disulfide fragments to a 

protein of interest, both in the presence and absence of a client protein, thus enabling the 

identification of PPI stabilizers and inhibitors. In our pursuit of identifying a new hub protein system 

for comprehensive investigation, we sought proteins demonstrating broad client binding, 

harboring potential small molecule binding sites proximal to the protein/client interface, and 

bearing relevance to disease pathogenesis. We chose to explore WD-40 domain-containing 

proteins, specifically the hub protein Kelch-like ECH-associated protein 1 (Keap1).5,6 Keap1 

interacts with a client protein Nrf2, which plays a pivotal role in response to oxidative stress. 

Additionally, Keap1 forms part of an E3 ubiquitin ligase complex, which tightly regulates the 

degradation and activity of Nrf2. In response to oxidative stress, sensor cysteine residues on 

Keap1 lead to the release of Nrf2, allowing Nrf2 to translocate to the nucleus and promote 

transcription of antioxidant response element genes (Figure 5.1A). In the context of cancer, Nrf2 

activity can contribute to cancer cell survival and progression.6–10 Systematically screening a 

diverse library of disulfide-containing fragments to identify stabilizers of the Keap1/Nrf2 interaction 

would lead to the inhibition and degradation of Nrf2, potentially leading to cancer cell death.   

Through systematic screening of a library of disulfide-containing fragments, our aim was 

to identify stabilizers targeting the Keap1/Nrf2 interaction, with the ultimate goal of inhibiting and 

degrading Nrf2, thereby potentially inducing cancer cell death. This approach holds immense 

promise as a strategic approach for modulating critical PPI networks implicated in cancer 

pathogenesis. Furthermore, by expanding the repertoire of PPI modulators identified through this 

innovative technology, we envision pioneering advancements in therapeutic intervention 
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strategies not only in the context of cancer, but also in various other disease settings, thereby 

expanding outlooks for the development of targeted therapies with enhanced efficacy and 

selectivity. 

 

Results and Discussion 

Keap1/Nrf2 binding 

Keap1 binds two distinct domains of Nrf2. The “ETGE” domain has high affinity and the 

“DLG” domain has lower affinity. It is unknown whether stabilizing the Nrf2 ETGE or Nrf2 DLG 

region would lead to a larger biological effect, so both domains were explored. Both Nrf2 ETGE 

and DLG motifs bind along a pocket at the top of Keap1 (Figure 5.1B). Keap1 has a WT cysteine 

residue proximal to the Nrf2 binding pocket, which we used for tethering. The affinity of peptides 

representing the Nrf2 ETGE and DLG motifs to Keap1 was measured by FA using Keap1C489S to 

mutate the most reactive cysteine in the protein that is not the cysteine of interest.9 The Nrf2 

ETGE peptide bound to Keap1C489S with a KD of 28 nM (Figure 5.1C), while the Nrf2 DLG peptide 

bound to Keap1C489S with a KD of 0.48 μM (Figure 5.1D). 

Disulfide Tethering Screens 

The tethering screen was performed with Keap1C489S alone (apo), Keap1C489S plus Nrf2 

ETGE peptide, and Keap1C489S plus Nrf2 DLG peptide. In comparing apo screens and screens 

with peptide, both Nrf2 ETGE and DLG peptides resulted in 16 stabilizing hits each, a 0.8% hit 

rate (Figure 5.2A,B). The top fragment stabilizer for Keap1C489S/Nrf2 ETGE bound 98.2% in the 

presence of Nrf2 ETGE and 4.3% in the absence (Figure 5.2A). The top fragment stabilizer for 

Keap1C489S/Nrf2 DLG bound 92.2% in the presence of Nrf2 DLG and 12.7% in the absence (Figure 

5.2B). The Nrf2 ETGE region occupies less of the Keap1 binding pocket, allowing more space for 
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fragment binding. Thus, larger fragments were identified as Keap1C489S/Nrf2 ETGE stabilizers and 

smaller fragments were identified as Keap1C489S/Nrf2 DLG stabilizers. We used covalent docking 

to visualize how the top stabilizing hit from Keap1C489S/Nrf2 ETGE screen binds to the crystal 

structure of the complex. The stabilizer appears to make interactions with both Keap1C489S and 

Nrf2 ETGE in the pocket between the Keap1 cysteine and Nrf2 ETGE (Figure 5.2C).  

The tethering screen was also performed with an additional Keap1 mutant that had its 

target cysteine residue mutated to an alanine, Keap1C434A,C489S. The goal of this tethering screen 

was to identify if the fragment hits were binding to the cysteine of interest or to another cysteine 

on Keap1. This tethering screen resulted in low percent labeling overall, with the average labeling 

around 10%, indicating that identified fragment stabilizers for the Keap1C489S/Nrf2 ETGE and 

Keap1C489S/Nrf2 DLG screens are likely causing a stabilization effect by binding to the cysteine of 

interest (Figure 5.2D). 

We then pursued an Nrf2 mutation commonly found in cancers, Nrf2 ETGED77V, which lies 

just outside the ETGE binding motif (residues 79-82). This mutation decreases the affinity 

between the Nrf2 ETGE region to Keap1, leading to the stability and activation of Nrf2 in cancer. 

This specific mutation has been associated with an increased risk of developing various cancers, 

including lung cancer. Keap1 binds to the Nrf2 ETGED77V peptide with a KD of 1.8 μM, a 64-fold 

loss in binding affinity (Figure 5.2E). We performed a disulfide tethering screen with Keap1 bound 

to the Nrf2 ETGED77V peptide and identified ~20 stabilizers of the interaction (Figure 5.2F). This 

screen was performed with more stringent conditions (higher concentration of β-mercaptoethanol) 

to selectively identify potent binders.    
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Conclusions 

 In conclusion, the use of the MS-based site-directed disulfide tethering screen has proven 

instrumental in our pursuit of discovering stabilizers for diverse PPIs, particularly within the 

intricate realm of hub protein / client interactions. Through the expansion of this innovative 

technology to explore a novel hub protein system, exemplified by the investigation of the 

Keap1/Nrf2 PPI, we have established a foundation for pioneering advancements in therapeutic 

intervention strategies, particularly in the context of cancer. The strategic identification of 

stabilizers targeting the Keap1/Nrf2 interaction holds immense promise in disrupting key 

pathways implicated in cancer cell survival and progression. This work expands the application 

of the tethering screen methodology to systematically identify PPI modulators relevant to a 

spectrum of diseases. 
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Figures 

 

 
Figure 5.1: Keap1/Nrf2 regulation and binding 
A) Keap1 regulation of Nrf2 degradation and activity. B) Crystal structure of Keap1 (purple) bound to Nrf2 
ETGE peptide (pink). ETGE residues are dark pink and other residues are light pink. Position of cysteine 
for tethering on Keap1 is highlighted in yellow. PDB 5WFV. C) FA binding of Keap1C489S to Nrf2 ETGE. KD 
= 28 nM. D) FA binding of Keap1C489S to Nrf2 DLG. KD = 480 nM. 
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Figure 5.2: Keap1/Nrf2 tethering screen results 
A) Keap1C489S apo vs Keap1C489S + Nrf2 ETGE tethering results. Stabilizers are highlighted in the green 
quadrant, neutral binders in yellow, and inhibitors in red. B) Keap1C489S apo vs Keap1C489S + Nrf2 DLG 
tethering results. Stabilizers are highlighted in the green quadrant, neutral binders in yellow, and inhibitors 
in red. C) Covalent docking of top stabilizing hit (green) from tethering screen to Keap1C489S (purple, yellow) 
/ Nrf2 ETGE (pink) complex. D) Comparison of apo tethering screens for Keap1C489S and Keap1C434A,C489S 
mutant. E) FA binding of Keap1C489S to Nrf2 ETGE and ETGED77V. KD for ETGED77V = 1.8 μM. 
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Materials and Methods 

Fluorescence Anisotropy 

FA assays were performed as previous described in Chapters 2-4.3,11 Briefly, FAM-labeled Protein 

B peptide at 100 nM was added to full-length Protein A and allowed to incubate for 30 minutes 

before reading.  

Peptides 

Nrf2 motif Peptide sequence 

ETGE LDEETGEFLP 

DLG MDLIDILWRQDIDLGVSREVFDFSQRQKDYELEKQ 

ETGED77V LVEETGEFLP 

Disulfide Tethering Screen and Data Processing 

Tethering screens were performed as described in Chapter 2.3 Briefly, 100 nM full-length Protein 

A, 2x KD of Protein B peptide (3.6x KD for Protein Bhigh to reach 100 nM), and 125 μM β-

mercaptoethanol were added to disulfide fragments, which were at a final concentration of 200 

μM. The reactions were incubated at room temperature for 3 hours before measurement by 

LC/MS. Data processing followed a custom workflow, as previously described.1–3 Keap1/Nrf2 

ETGED77V screen and Keap1 apo comparison were performed at 500 μΜ βME. 

Docking 

Covalent docking was performed using Glide by Schrödinger. 
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