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Discovery of Selective Small Molecule Protein-Protein Interaction Modulators Utilizing 

Site-Directed Fragment Binding 

Dyana Kenanova 

Abstract 

Protein-protein interactions (PPIs) are central to biology and commonly dysregulated in disease. 

Despite their importance in cell homeostasis and their therapeutic potential, PPIs have rarely 

been a target for drug discovery. This has been due to three major challenges PPIs present to 

small molecule engagement: the flatness problem, the disorder problem, and the selectivity 

problem. PPIs which bind with large, flat interfaces typically do not have deep pockets 

accessible to small molecules, leading to low ligand efficiency. Intrinsically disordered proteins, 

likewise, are lacking in “hot spots” for small molecule binding. Finally, most proteins which 

participate in PPIs have more than one partner– 20% of so-called hub proteins with multiple 

interactions have over 20 binding partners– thus necessitating a selective small molecule to 

target a specific PPI edge as opposed to a general effector which inhibits the nodular hub 

protein. Disulfide tethering, a subset of fragment-base drug discovery (FBDD) offers a novel 

approach to the rapid discovery and development of potent, selective small molecule PPI 

modulators. This platform facilitates rapid and robust compound discovery and validation as well 

as simple, accessible scaffolds for hit-to-lead development, circumventing the difficulty of 

natural product total synthesis and mitigating costly late-stage failures in selectivity and safety. 

This work showcases multiple projects utilizing disulfide tethering to discover and optimize small 

molecule modulators for various “undruggable” targets within oncology, neurodegeneration, 

metabolic disease, and infectious disease. 
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Chapter 1 Applications of Disulfide Tethering as a Versatile Tool 

in Fragment-Based Drug Discovery 

 

ABSTRACT: Fragment-based drug discovery has provided a novel platform for rapid and 

systematic development of small molecule probes and therapeutics. Disulfide tethering is a 

quantitative, mass spectrometry driven technology which falls under FBDD. Tethering utilizes a 

small, chemically diverse fragment pharmacophore attached to a thiol moiety in order to sample 

“hotspots” within a protein or protein-protein interaction (PPI) target of interest. The fragment 

forms a reversible covalent disulfide bond with a native or engineered cysteine proximal to the 

binding site. The abundance of fragment tethering can then be visualized and measured via a 

mass shift readout. The transient nature of the disulfide bond necessitates that true “hit” 

molecules make stronger interactions between the pharmacophore and the protein target. Due 

to its versatility, scalability, and applicability to high throughput screening, tethering is a robust, 

prospective approach to discovering and optimizing fragments in order to address challenges in 

drug discovery.  
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INTRODUCTION 

Within the past 20 years, drug discovery has expanded its arsenal beyond the total synthesis of 

natural products and expensive medicinal chemistry campaigns for complex natural product 

derivatives.1,2 Although powerful, such compounds are typically difficult to synthesize, owing to 

challenges such as intricate ring systems and multiple chiral centers (Figure 1.1A).3–5 This 

makes development slow and costly, especially if leads fail late-stage in clinical trials. In order to 

address these limitations, fragment-based drug discovery (FBDD) has provided a novel platform 

for the discovery and optimization of therapeutics and biological probes.6–8  

FBDD provides a robust, systematic way to explore chemical space for good starting points for 

biologically active small molecules. These fragments are typically smaller, easily synthesized, 

and readily merged or elaborated (Figure 1.1B).9 This has initiated a new, prospective strategy 

for the discovery of drugs, highlighting selectivity and mechanistic understanding of underlying 

disease-relevant target as opposed to the serendipitous discoveries made in the past.  

Disulfide tethering is a subset of FBDD which takes advantage of the quantitative nature of 

mass spectrometry (MS) in order to directly visualize target engagement by a fragment 

molecule.7,10–12 Thiol-containing fragments are screened for binding to a native or engineered 

cysteine residue proximal to the desired protein ‘hotspot,’ making the technique extremely 

tunable, precise, and versatile for target selection.10 The reversibility of the disulfide bond 

necessitates fragment molecular recognition of the binding interface, minimizing the risk of 

energetics driven binding and false positives such as pan-assay interference compounds 

(PAINS; Figure 1.1C). Additionally, the sensitivity of intact protein mass spectrometry (LC/MS) 

is easily scalable and readily enables high throughput screening (HTS).13  Herein, I outline the 

capabilities of the disulfide tethering technology in the context of protein-protein interaction (PPI) 

modulation and highlight hit-to-lead strategies for novel therapeutic and probe development. 
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Figure 1.1 Drug discovery techniques. (A) Biologically active natural products ranging in ease of 

access and derivatization through total synthesis and medicinal chemistry. (B) Cartoon 

conceptualization of fragment based drug discovery, its customizability, and applicability to a 

variety of protein targets similar to assembling puzzle pieces to fit a specific binding interface. (C) 

Comparison of covalent warhead vs disulfide tethering detection via mass spectrometry (MS). 

Covalent warheads must be optimized to not be overly reactive with target cysteine. Inherent 

transiency of disulfide interaction ensures that only privileged scaffolds show high labeling of 

target. 
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BACKGROUND 

 FBDD is emerging as a reliable technique for the discovery and development of drugs and 

biological probes.14 The emphasis on compound mechanism of action, site-directed specificity,  

and structural characterization of binding has given unprecedented insight into the functionality 

of small molecule bioactivity. Multiple technologies have been developed that fall within the 

FBDD umbrella ranging in detail and resource requirements. X-ray crystallography currently 

exemplifies the most thorough approach to fragment discovery, allowing for the visualization of 

the exact binding motifs between the fragment and target. The B-RAFV600E therapeutic, 

vemurafenib,15 BCL-2 inhibitor venetoclax,16 and the FGFR inhibitor, erdafitinib,17 are powerful 

examples of  structure-based fragment optimization efforts that resulted in FDA approved 

therapeutics within oncology. Crystallographic studies have even resulted in some PPI 

stabilizers with potential as molecular glues.18 However, x-ray crystallography is limited by the 

number of proteins amenable to crystallization and is extremely resource intensive, making it 

challenging for HTS in the majority of cases. Therefore, crystallography reserved for later hit-to-

lead development as opposed to hit determination. Assays such as surface plasmon resonance  

(SPR)19 and nuclear magnetic resonance (NMR)20 are more amenable to HTS and provide 

insights into the binding kinetics and specificity of the fragments but are also limited by 

Table 1.1 Comparison of FBDD techniques 

Technique Application to FBDD 
Resource 
Intensive 

Scalable to 
HTS 

X-ray 
Crystallography 

Structural determination of important 
contacts between fragment and target 

Yes 
Target 

Dependent 

Nuclear Magnetic 
Resonance 

Visualization of fragment interactions with 
target 

Yes No 

Mass Spectrometry 
Direct quantification of fragment 

engagement to target via covalent bond 
No Yes 

Surface Plasmon 
Resonance 

Binding affinity and kinetics to target 
Target 

Dependent 
Yes 

Fluorescence 
Anisotropy 

Binding affinity to target and potential 
kinetics measurements for enzyme activity 

No Yes 
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resources and time. By contrast, MS provides a label-free method for direct detection and 

quantitation of compound/target binding whilst requiring minimal resources and rapid turnover  

time (Table 1.1).7,10,12,21 

Multiple covalent FBDD campaigns have resulted in novel scaffolds for drug development.22,23 

Due to the small size and relatively weak binding of fragment molecules, the discovery, 

validation, and optimization of such compounds can be challenging for low-sensitivity 

techniques and can result in false negatives. Having a covalent handle anchor the small 

molecule to the target binding site allows for easier detection, especially with MS.9,24–26 Cysteine 

Figure 1.2 Summary of irreversible covalent warheads targeted at various amino acids. Acrylamides 

and chloroacetamides (yellow) target cysteine. Sulfonyl fluorides (red) are promiscuous and can label 

lysine, tyrosine, histidine, serine, threonine, and cysteine residues. Aspartic acid and glutamic acid 

reactive warheads and methionine reactive warheads are highlighted in blue. Lysine reactive 

warheads are highlighted in green. PDB ID 7TW7. Amino acid placements not exact or to scale. 
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reactive warheads predominate the covalent labeling landscape, however, recent work has 

expanded this to target lysine, tyrosine, histidine, aspartic and glutamic acid, methionine, serine, 

and threonine (Figure 1.2).13 The sensitivity of intact mass spectrometry (LC/MS) is able to 

directly measure the degree of compound engagement in less than 3 minutes per sample in 

ultra-pressure liquid chromatography (UPLC) and even 20 seconds per sample with solid-phase 

extraction (SPE-MS) and matrix-assisted laser/desorption ionization (MALDI).13 The more rapid 

methods hold some limitation as there is no chromatographic step to separate species. Thus, 

sample purity or robust controls are critical for such assays. The Arkin lab has developed a 

medium throughput screening method that is able to read samples utilizing an 84 second per 

sample method, UPLC separation of species, and a quadrupole time-of-flight (Q-TOF) MS 

instrument which has the capacity to screen 1000 compounds per day.27  

Whilst irreversible covalent fragments useful for MS quantification, finding the right warhead can 

be a challenge wherein no single warhead is applicable to every protein and even small 

changes can have dramatic effects on fragment binding.28 Overly reactive warheads such as 

chloroacetamides may result in off-target reactivity and false positives, whilst more attenuated 

warheads such as acrylamides require longer incubation times, reducing the high throughput 

capabilities of the assay and increasing the number of false negatives. Despite the potential 

drawbacks, promiscuous labeling has only been found in approximately 3% of cases.28 Disulfide 

tethering offers another simple solution to the problems of optimization and promiscuity by 

employing a reversible covalent thiol which can form transient disulfide bonds with a cysteine 

proximal to the binding site of interest.7,10,12,24 Within a reducing environment, the disulfide bond 

between protein and fragment can easily be disrupted for a nonspecific binder. The system is 

reliant upon the contacts made between the pharmacophores of the fragment and the target 

which then hold the fragment in a position favorable for longer engagement (Figure 1.1C). 

Tethering can thus utilize the disulfide as an anchor for the low affinity fragment and the 
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quantitative capabilities of MS while removing the disadvantage of off-target labeling in other 

covalent systems, making it a versatile and easily scalable technology for FBDD and therapeutic 

development.  

DISULFIDE FRAGMENT LIBRARY DESIGN 

Fragment compounds tend to be small (200-500 Da) with functionalized cores sampling a wide 

breadth of chemical space, a linker separating the body of the fragment and the thiol moiety, 

and a solubilizing cap which is later reduced in the screen. Fragments also tend to loosely follow 

Lipinski’s rule of 5 (≤5 rotatable bonds, ≤5 hydrogen bond acceptors, ≤5 hydrogen bond donors, 

computed logP ≤5)  or even more stringent guidelines.9,10,20,28 Whilst useful for initial library 

design and synthesis, these guidelines are constantly being revised as more data is collected 

and are therefore useful starting points but should not be limitations on creativity. Chemical 

diversity and customizability of the fragment core are much more critical for a successful 

screening campaign.29  

Fragment libraries tend to be relatively small, consisting of 1000-2000 compounds, as they are 

typically custom synthesized. However, recent advances in cleaner synthetic strategies have 

allowed for high throughput synthesis which can rapidly increase a library’s size and diversity 

while decreasing the time spent in purification stages and instead directly applying the final 

product to the HTS assay.7,21,30 Quality is typically determined via MS. Derivatization based on 

follow-up optimization strategies such as fragment linking, merging, and growing achieves a 

much larger diversity equivalent to if not broader than a typical druglike compound library.20,28,31–

35 Optimized compounds can always be added to the original screen and utilized for new 

targets, therefore consistently growing the scope of the screen. The flexible linker allows for 

sampling multiple binding geometries and conformations. The weak binding of the fragments 

and the reversibility of the thiol ensure that labeling of the target is facilitated by the fragment 

interactions within the binding pocket as opposed to nonspecific reactivity of the covalent 
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warhead, eliminating the need to sample a swath of nonreversible covalent moieties per target 

before performing the screen.11,23,24,28,35  

 

 



9 
 

DISULFIDE TETHERING SCREEN DESIGN 

Chapters 2,3, and 5 have in depth discussions of various scenarios and applications of the 

disulfide tethering technology, including scope and limitations. This section will focus on the 

general principles for a successful screening campaign.  

Disulfide tethering is a site-directed approach which can be tailored to the specific target by 

screening against a native or engineered cysteine within 5 to 10 Å from the site of interest.7 For 

targets with large, open binding interfaces such as the hub protein 14-3-3 (Chapters 2-4), 

tethering is readily applicable.10,11,26,36 For targets with deep, narrow binding sites or highly 

specific structure or catalytic machinery, the screen may necessitate an offshoot approach 

known as tethering with breakaway extenders. This approach takes advantage of a further 

removed cysteine that can be bound by a general “breakaway extender.”7,21,35 When cleaved, 

this extender positions a thiol closer to the binding site without necessitating a disruption of the 

binding site. Later optimization of the breakaway extender can also result in starting points for 

extended tethering and fragment linking.20,35,37 

Figure 1.3 Overview of disulfide tethering screen and follow-up orthogonal validation assays. (A) 

Initial screen with protein target (white), single concentration of fragment (purple), and β-

mercaptoethanol (BME). % tethering is measured by dividing the % of fragment labeled protein by 

the sum of all present species including protein alone, protein and BME, protein and solubilizing cap, 

and protein with fragment then multiplied by 100. Fragments that fall above 3 standard deviations 

from the average (dotted line in scatterplot) are considered hits. (B) MS compound dose responses 

(MSDR) take target (white) and titrate in fragment (purple) from high concentration to low 

concentration in order to determine dose dependence and fragment dose response 50 (DR50) value 

representative of 50% of fragment tethered to protein. (C) Fluorescence anisotropy compound dose 

responses (FADR) show compound stabilization or inhibition of binding. Fluorescently labeled 

peptide (red) is added to single concentration of protein (white) and compound (purple) is titrated 

from high concentration to low concentration. If compound shows stabilization, anisotropy will 

increase (purple curve) as compared to DMSO control (grey curve). If compound is inhibiting, 

anisotropy will decrease (blue curve). Top dotted line indicates anisotropy at excess protein and 

bottom dotted line indicates anisotropy with peptide alone. These indicate the upper and lower limits 

of peptide binding. (D) Fluorescence anisotropy protein titrations. Fluorescently labeled peptide (red) 

and fragment (purple) at excess of the EC50 or IC50 determined in the FADR are incubated with 

titrated protein (white) from high to low concentrations. For stabilizers, protein/peptide binding affinity 

will shift to the left indicating a decrease in KD (purple curve) as compared to DMSO control (grey 

curve). For inhibitors, binding affinity will shift to the right (blue curve). 
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Nucleophilicity of the cysteine residue is another consideration when designing the screening 

conditions. Non-catalytic cysteine pKa ranges from 7.4 to 9.1 with an average of approximately 

8.6 whilst catalytic cysteines can have pKa values as low as 2.8.38 If the protein of interest has 

multiple cysteines, even small changes in pKa can have dramatic effects on selectivity for the 

target cysteine vs others. A simple diagnostic for the number of binding events on a given 

targets is a titration curve using nonspecific covalent modifier iodoacetamide.39,40 Overnight 

incubations followed by optional LC/MS/MS can indicate with great accuracy which cysteines 

are most reactive and likely to be labeled. The Arkin lab disulfide tethering screen is performed 

at pH 8.0 to facilitate formation of the active thiol and, once fragment has been added, the 

disulfide bond.10,11,36 Due to the reservable nature of the disulfide, reaction is thermodynamically 

driven as opposed to the more common kinetics of irreversible covalent warheads.10,12 Previous 

work in the lab has shown reaction completion and saturation of the pocket at 1-3 hours of 

incubation, but some screens reach equilibrium in as little as 30 minutes. Subsequent assays in 

this work were run at the more conservative 3 hour incubation timepoint to standardize the 

process. Disulfide exchange can be halted by the addition of a quencher, such as hydrochloric 

acid, or lowered to 10°C. 

Another consideration is optimization of reducing conditions. Typically, fragments are stored 

either as disulfide bonded symmetrical dimers or connected to a solubilizing cap (Figure 1.3). A 

reducing environment is critical for initiation of disulfide exchange, not only to free the fragment, 

but also to induce the nonreversible binding to the target cysteine that is central to the on-target 

selectivity of this FBDD method. β-mercaptoethanol (BME) is a preferred reducing reagent for a 

variety of reasons. It is a mild reductant that is well-tolerated by many proteins, increasing the 

versatility of the screen when comparing multiple constructs.10,24,26 BME also performs disulfide 

exchange and can thus be visualized via MS. The Arkin lab capitalizes on this by incubating the 

reaction with excess amounts of BME as dictated by tolerance of the protein and fragment 
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concentration. BME binds to the target cysteine nonspecifically and acts as a competitive 

inhibitor of fragment binding unless the fragment is able to form favorable connections with the 

binding site, minimizing false positives and “sticky” artefacts. Multiple BME titration curves are 

tested prior to running a screen to determine optimal concentration– typically 250 μM or 500 

μM, but as low as 125 μM for sensitive proteins and up to 1 mM for proteins containing multiple 

solvent exposed cysteine residues. High BME labeling in the absence of fragment and low BME 

labeling in the presence of fragment indicates cooperativity between the fragment 

pharmacophore and the protein binding interface. 

Due to the high sensitivity of MS-based screening, there is a lower protein requirement than 

many functional screens. Even proteins with poor resolution have discernable peaks and 

quantifiable fragment labeling at a maximal concentration of 500 nM, however more stable 

proteins have shown robust signal at 100 nM.10,11,36 When available, positive controls can be 

utilized as a metric for hit selection. Alternatively, the Arkin lab developed a high throughput 

analysis software which bins the various species into specific lots including unlabeled protein, 

fragment-labeled protein, BME-labeled protein, and cap-labeled protein. The signal significance 

of the fragment is determined as the quotient of the fragment-labeled protein over the sum of all 

aforementioned species, multiple by 100 to give a “% tethered.” Any % tethered values three 

standard deviations (3*SD) above the screen average is considered to be a hit fragment (Figure 

1.3A). Most of the screens performed in this work have resulted in an average of 30 

compounds, approximately a 1-2% hit rate, with various chemical classes and engagement 

motifs.10,11,36 The protocol established following the criteria summarized above has effectively 

discovered fragment binders for a broad range of proteins of various stabilities and ease of 

expression. This work exemplifies the versatility, selectivity, and applicability of disulfide 

tethering in determining starting points for drug discovery.  
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FRAGMENT TRIAGING AND VALIDATION 

Once fragment hits have been found, it is incredibly important to validate them. Multiple reviews 

have highlighted various follow-up assay platforms. Biophysical assays which corroborate 

fragment binding and elucidate mechanism of action inform further steps in lead optimization. 

Orthogonal activity assays then further assess compound efficacy and selectivity. Other HTS 

techniques, including fluorescence-based and binding-based assays, readily lend themselves to 

expansion of the results from the initial screen. X-ray crystallography, NMR, and MS are 

common examples of binding assays while time resolved fluorescence resonance energy 

transfer (TR-FRET) and fluorescence anisotropy (FA) is the preferred fluorescence-based tool 

for fragment activity profiling for most of the screen targets.41  

For our efforts, MS and x-ray crystallography are the preferred binding methods. MS compound 

dose responses (MSDR) expand the data from the screen beyond single data point and 

determine compound dose response 50 (DR50) values (Figure 1.3B). Compounds which do not 

show dose dependence or inconsistent labeling are considered artefacts and not taken forward 

into the following validation experiments and structural studies. X-ray crystal structures provide 

the most concrete data on compound binding but requires large amounts of compound and 

protein. When structures are available, however, they determine exact points of contact 

between the fragment and the target of interest. Utilizing soaking techniques, our collaborators 

in the Eindhoven University of Technology have determined hundreds of crystal structures with 

14-3-3, client, and fragment.42–47 We have also begun efforts to crystallize the SARS-CoV-2 

MTase nsp14 protein with disulfide and covalent compound engagers within the SAM binding 

pocket. Due to its incredible applicability and insight, crystallography remains the final point in 

our early drug discovery pipeline as opposed to the orthogonal activity assay directly following 

the MSDR. 
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In order to determine compound inhibitory or stabilization effects (IC50 and EC50 values 

respectively), we utilize anisotropy (Figures 1.3C and 1.3D).48–51 FA measures the rotational 

correlation time, or tumbling time, of a specific fluorescent species, typically a peptide or small 

molecule. Small species rotate faster, scattering the light emitted from the fluorophore and 

resulting in a low anisotropy value. Larger species, such as a peptide bound to a protein, tend to 

tumble much more slowly, increasing the anisotropy of the system. Depending on whether the 

screen is employed for stabilization or inhibition of an interaction, the dose-dependent increase 

or decrease in anisotropy determines compound efficacy respectively. Finally, FA based protein 

titrations with excess fragment from the IC50 or EC50 value are compared to DMSO control to 

determine shift in affinity between the protein and peptide client. FA is relatively inexpensive in 

time and resources and allows for enzyme kinetics measurements making it a versatile tool for 

compound biophysical property determination studies.52–54 In PPI stabilization campaigns, it also 

is amenable to a tripartite system consisting of the fragment, protein, and fluorescently labeled 

peptide, making it extremely useful for the discovery of fragment stabilizers and molecular 

glues.11,36,55  

Assay quality is extremely important for the precision and reproducibility of FA. Utilizing the 

appropriate corrective factor (G-factor) for each fluorophore and instrument of choice ensures 

normalization of signal and decreases error.56 Alternatively, purchase of specific polarization 

filters per fluorophore provides this correction mechanistically with greater accuracy. The other 

industry standard measurement for signal quality is the Z’ factor. This measurement quantifies 

the high and low limits of the assay as well as the error in well-to-well or plate-to-plate variance. 

The Z’ factor is quantified as a number between 0 and 1 wherein a Z’ value above 0.6 is  

considered significant and a Z’ value above 0.4 is acceptable for screening.2,57–60 Choosing the 

correct binding and orthogonal activity assay is pivotal to a successful drug discovery campaign 

and should therefore be carefully considered. 
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FRAGMENT LINKING, FRAGMENT GROWING, AND FRAGMENT MERGING 

Disulfide fragments are useful starting points for the development of drugs and biological 

probes. However, they do require optimization before being fully applicable to a cell-based or in 

vivo assay. The thiol is promiscuous and problematic when introduced to the glutathione rich 

cellular environment. The fragment also requires optimization and derivatization in order to 

improve binding, bioavailability, and the pharmacokinetic properties necessary for it to have the 

desired effect. There are three main strategies that will be covered for fragment optimization 

and lead design: fragment linking, fragment growing, and fragment merging (Figure 1.4).37 Each 

strategy has its benefits and drawbacks and should be considered on a case-by-case basis with 

regards to fragment and target.  

Fragment linking utilizes multiple fragment scaffolds that each target a different pocket in the 

binding site of interest.37,61,62 The fragment interactions with target protein can be visualized via 

crystallography and then linked together to create a larger molecule with the conserved binding 

motifs of the two smaller fragments (Figure 1.4A). If crystal structures are unavailable, 

extended tethering is an alternative fragment linking approach. In extended tethering, the thiol of 

the original fragment hit is converted to an irreversible warhead which engages the target 

Figure 1.4 Summary of the three main approaches for fragment-to-lead optimization. (A) The 

fragment linking approach takes advantage of fragment hits (plum circle and green triangle) that 

have been found via tethering and connecting them to maximize important contacts with a protein 

target (white). A subset of this approach is extended tethering wherein a fragment hit from a primary 

screen (plum circle) is converted to a covalent compound and modified with a thiol which can then 

be screened against to access other potential “hotspots” in the binding site. A secondary fragment 

(green triangle) will then tether to the initial hit. The two fragments can then be linked to form a more 

druglike molecule. (B) Fragment growing utilizes a fragment hit (plum circle) as a starting point and 

increases ligand efficiency by installing bioactive functional groups (yellow pentagon and green 

triangle) in order to build more interactions with the target protein. (C) Fragment merging is a similar 

strategy to fragment linking, but specific to when fragment hits (plum bean and green boomerang) 

share overlaps in their interaction interfaces with the target (white). Shared functionalities or crystal 

structures can indicate points for bridging and merging fragments into a larger, more druglike 

compound (plum, dark yellow, green amalgam).  
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cysteine. The “extender” fragment then has a thiol that can be targeted by another disulfide 

tethering screen.21,32,33,35,37 Once fragments are found and triaged, the thiol can be converted to 

another binding element with the appropriate orientation of the fragments in the binding pocket 

(Figure 1.4A).  

Fragment growing is perhaps the most utilized of the three approaches and has resulted in 

multiple FDA approved drugs.37,63,64 Growing relies on rational drug design wherein the fragment 

is optimized by the addition of novel functional groups that increase the size of the molecule and 

better engage the target “hotspot” interactions (Figure 1.4B). Geometry, substituent size, and 

flexibility play key roles in fragment growing. Libraries with small alterations to the fragment 

pharmacophores provide great insight into which moieties are exemplary (the hit fragments), 

which are tolerated (lower binding molecules with similar structures to the hit compounds), and 

which are impermissible (compounds that do not bind to target). This allows for a rudimentary 

structure activity relationship (SAR) series. 

Fragment merging is similar in concept to fragment linking with the two fragments sharing an 

overlap in their binding region (Figure 1.4C).37,65–67 Merging has resulted in interesting bioactive 

compounds, especially when paired with fragment linking as an additive approach to fragment 

optimization.37 Similarly to the aforementioned approaches, x-ray crystallography is invaluable in 

understanding how the fragments engage the target so as best to capitalize on favorable 

binding interactions. If no structures are present, comparing conserved pharmacophores may 

give insight into compound binding and thus inform merging strategies around the shared 

motifs. Docking and molecular modeling campaigns can also assist in lead design.68–70  

All three strategies share similarities in technique and output. Fragment linking and merging 

have similar principles but vary in how proximal the fragments are to one another in the binding 

site. All three focus on building out the molecule in order to facilitate greater contacts with the 

target binding site and improve ligand efficiency. Higher binding affinity and greater selectivity 
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are necessary for application of compounds in cell studies and more complex systems such as 

animal models. Crystallographic data offers the highest level of detail in understanding the 

points of contact between the fragment and target, but modeling software and docking continue 

to provide useful information when structural data is unavailable so long as careful follow-up 

activity experiments are performed on the proposed compounds. The simplicity of the fragment 

building blocks allows for relatively simple derivatization. Utilization of negative data as well as 

positive data from the screen provides invaluable insight into important pharmacophores and 

substituents even without structural data. The rapid, high throughput nature and diverse 

chemical space sampled by FBDD makes it a powerful, systematic, and customizable tool for 

precise and effective drug discovery. 

DISULFIDE TETHERING IN PPI DRUG DISCOVERY 

PPIs are central to the function of cellular processes. However, they provide certain challenges 

in terms of druggability. The first challenge is the flatness problem. Most PPI interfaces, unlike 

enzymes, are lacking in a deep binding pocket that is readily accessible to a small molecule. 

Instead, large, bulky molecules with low ligand efficiency take advantage of multiple small 

interactions and are limited in their scope as modulators.71–75 The second issue is the disorder 

problem. Many proteins that participate in PPIs are intrinsically disordered until bound to their 

partner. This provides a potential platform for small molecule binding in the form of a “hotspot” 

which forms upon the binding of the two proteins.76–81 However, it is difficult to determine such 

hotspots in a functional assay and even more challenging to derivatize a natural product or 

druglike molecule to take advantage of these transient interactions. Proteins also tend to have 

multiple interaction partners. It is estimated that humans may have up to 650,000 PPIs while 

only having approximately 20,000 protein encoding genes.6 Certain so-called hub proteins with 

multiple interacting partners have 20 or more partners.  
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There have been many powerful examples of PPI modulators which have resulted in clinical 

compounds.82–88 However, many of these molecules were found serendipitously and their 

mechanisms of action were elucidated after their introduction to the market. A prospective, 

systematic, reproducible strategy for the discovery of small molecule PPI modulators could 

provide a novel platform for understanding the biology underlying disease and developing 

selective and efficacious therapeutics with minimal impact on safety. FBDD, as well as disulfide 

tethering specifically, lend themselves as such a strategy.11,36 The versatility of target selection 

via native or engineered cysteines, the relative simplicity of the starting molecules, the range of 

optimization strategies, and the inherent understanding of their impact on biology elevates 

FBDD as the next stage in drug development. The sensitivity, precision, quantification 

capabilities, and high throughput scalability of the MS technology also elevates disulfide 

tethering as a platform with far reaching capabilities and applications in precision medicine. The 

subsequent chapters showcase multiple projects in various stages of the drug discovery 

pipeline which have all harnessed the power of MS and disulfide tethering as a starting point for 

the discovery of potent and selective small molecule modulators of multiple PPIs.  
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Chapter 2 Caspase-2: An Introduction to Biological Target 

Validation 

ABSTRACT: Nonalcoholic fatty liver disease (NAFLD) and its progression to the more severe 

nonalcoholic liver steatohepatitis (NASH) have no current treatments beyond a dramatic shift in 

lifestyle, presenting an opportunity for the development of novel therapeutics. Caspase-2, a 

protease more commonly known in the context of apoptosis, has a unique role in metabolic 

signaling which may be central to the activation of SREB1 and SSREB2, the primary 

transcription factors associated with NAFLD and NASH. Thus, targeting and inhibiting 

caspase-2 selectively in the liver provides an alternative path to preventing, and even reversing, 

liver damage. However, caspase-2 has been difficult to drug selectively via traditional screening 

for inhibitory small molecules. We decided to address the “undruggability” of caspase-2 by 

instead screening for selective small molecule stabilizers of the protein-protein interaction (PPI) 

between the inactive zymogen, procaspase-2, and its negative regulator, the hub protein 14-3-3. 

We also wanted to validate that 14-3-3 acted as a negative regulator of caspase-2 activity in the 
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context of metabolism as well as the canonical apoptotic pathway. The disulfide tethering 

screen resulted in a small number of compounds which successfully showed binding in the 

mass spectrometry dose response assays. However, the compounds showed no activity in the 

stabilization and cooperativity follow-up experiments and the subcellular localization assays 

were unable to produce definitive results due to the nonselective binding of the antibody to both 

active caspase-2 and inactive zymogen. This study highlighted the importance of biological 

target selection and validation prior to screening and drug discovery efforts and informed the 

approach to novel biological systems that will be discussed in subsequent chapters.   

INTRODUCTION 

Nonalcoholic fatty liver disease (NAFLD) and its potential progression into the more severe, 

chronic ailment nonalcoholic liver steatohepatitis (NASH) are growing global health concerns.1,2 

NAFLD is caused by the buildup of excess fat within the liver and is reversible through 

decreased food intake and regular exercise, however NASH is markedly more difficult to treat 

and results in irreversible liver damage as well as liver cirrhosis and hepatocellular carcinoma.3 

Currently, beyond a drastic lifestyle shift in both diet and exercise, there are no therapeutics for 

NASH or NAFLD which presents an opportunity to develop novel, effective drugs to address 

these metabolic syndromes.4–6 One of the key enzymes involved in NAFLD progression, 

caspase-2, was of primary interest to the Arkin lab due to its involvement in a plethora of cellular 

pathways, classification as an “undruggable” protein, involvement in exciting protein-protein 

interactions (PPIs), and potential as a drug target for NAFLD and NASH in order to mitigate and 

even reverse liver damage and decrease overall body fat.7–9 

Caspase-2 is the most evolutionarily conserved member of the cysteine aspartate specific 

proteases (caspase) family and uniquely exhibits properties characteristic of both an initiator 

and an effector caspase.7,10,11 Similar to other initiator caspases, caspase-2 exists as an inactive 

zymogen, termed procaspase-2, distinguished by an extended N-terminal caspase activation 
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and recruitment domain (CARD) that must be cleaved in order to allow for activation of the 

enzyme. Once the CARD is cleaved, caspase-2 forms an activated homodimer with substrate 

specificity similar to the effector caspases (Figure 2.1A).7  

As with most caspases, caspase-2 has an established role as an initiator of apoptosis under 

various cellular stress conditions.7,12–14 However, it also plays a role in liver cells under 

endoplasmic reticulum (ER) stress that does not result in cell death, but instead drives 

increased de novo lipogenesis and cholesterol synthesis.15–17 Caspase-2 liver-specific knockout 

Figure 2.1. Caspase-2 apoptotic and non-apoptotic signaling pathways. (A) Mechanistic diagram of 

14-3-3 regulation of caspase-2 apoptotic pathway. 14-3-3 protein (grey) binds to inactive 

procaspase-2 (maroon) N-terminal CARD domain via binding recognition site containing 

phosphorylated S139 and S164 residues (pink). This interaction sterically occludes binding of 

RAIDD complex (purple) which prevents nuclear import and activation of caspase-2 by PIDD (blue). 

The caspase-2 dimer (maroon with yellow outline) is responsible for initiation of apoptosis via 

activation of key proteins which induce mitochondrial permeabilization. (B) Mechanistic diagram of 

caspase-2 non-apoptotic pathway in liver. Procaspase-2 (maroon) dimerizes and self-cleaves the 

CARD domain in order to form active dimer (maroon with yellow outline). Activated caspase-2 

cleaves S-1-P (yellow) which is then free to cleave SREB1 and 2 (green) within the ER and Golgi. 

SREB1/2 are transcription factors which activate genes associated with lipogenesis, increased 

cholesterol production, increased procaspase-2, and progression of NAFLD to NASH. 
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mice fed high fat western diets (HFD) or exhibiting NASH phenotype showed decreased overall 

body fat and NASH symptoms, respectively.9,18 Mechanistically, caspase-2 is responsible for the 

activation of site-1-protease (S-1-P) which then activates the transcription factors sterol 

regulatory element-binding protein 1 and 2 (SREBP1/2).19,20 S-1-P cleavage releases the 

N-terminus of SREBP1/2 into the cytoplasm allowing localization into the nucleus, subsequent 

dimerization, and activation of de novo lipogenesis in context of SREBP1 and cholesterol 

synthesis and increased caspase-2 expression in context of SREBP2 (Figure 2.1B).15 SREBP2 

has been implicated as the switch between NAFLD and the development of NASH.21 

Interestingly, caspase-2 activation of SREBP1/2 is independent of the canonical SREBP 

cleavage-activating protein (SCAP) pathway.8,22,23 While SCAP-dependent activation of 

SREBP1/2 is regulated via negative feedback, caspase-2 has no established negative regulator 

within this nonapoptotic pathway. 

The scaffolding protein 14-3-3 is a known negative regulator of caspase-2 activity within the 

apoptotic pathway.16 14-3- 3 recognizes and binds to two specific phosphorylated serine 

residues, pS139 and pS164, in the linker between the CARD domain and the p19 domain of the 

procaspase-2 zymogen (Figures 2.2A and 2.2B) and acts to sterically hinder binding of RIP-

associated ICH-1 homologous protein with a death domain (RAIDD).24,25 This in turn prevents 

procaspase-2 cleavage and activation by the p53-inducible death domain-containing protein 

(PIDD).12,22 Previous work in the Arkin lab to establish a caspase-2 inhibitor had yielded no hit 

molecules, however, stabilization of the 14-3-3/procaspase-2 complex is a novel approach to 

inhibiting caspase-2 activation. Utilizing the Arkin lab disulfide fragment library and a 

quantitative, mass spectrometry-based tethering screen, we attempted to discover small 

molecule scaffolds for the discovery and development of molecular glues between the 

14-3-3/procaspase-2 PPI in order to determine the regulatory role of 14-3-3 in the nonapoptotic 

pathway of caspase-2 and validate the potential of using 14-3-3/procaspase-2 stabilization as a 
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therapeutic strategy for NASH.26–28 The initial screen resulted in 20 hit compounds (Figure 

2.2C), 4 of which showed stabilization in the preliminary fluorescence anisotropy-based activity 

assay (Figures 2.2E, 2.3, 2.4, and 2.5). However, none of the compounds validated in the final 

cooperativity assay and difficulties with in-cell imaging resulted in a project shift towards a more 

technology driven approach to 14-3-3/client selection for stabilization as discussed in Chapter 3.  

RESULTS AND DISCUSSION 

Primary Screen for 14-3-3/Caspase-2 Stabilizers. The σ isoform of 14-3-3, one of seven 

isoforms constitutively expressed in mammalian cells, contains a solvent-exposed cysteine, 

C38, proximal to the 14-3-3/client binding groove (Figure 2.2B). This cysteine was the target of 

reversible covalent engagement via the disulfide fragment thiol moiety. Phospho-peptide 

mimetic 14-3-3σ binding affinities of procaspase-2 pS139, pS164, and bivalent pS139 and 

Figure 2.2. 14-3-3/procaspase-2 

stabilization initial screen. (A) 

Crystallographic structure of 14-3-3γ 

dimer (white) bound to procaspase-2 

phospho-peptide with residues pS139 

(bottom red) and pS164 (top red in box, 

PDB ID: 6SAD). (B) Overlay of 

procaspase-2 pS164 phospho-peptide 

(maroon) with +1 leucine (Leu) and 14-

3-3σ (white, PDB 7OBY). Target 

cysteine (C38) highlighted in yellow. (C) 

Tethering screen scatterplot. Compound 

916936, 917922, and 916994 identified 

in yellow, pink, and red circles 

respectively. (D) Schematic of screen 

scatterplot. Quadrants are outlined by 

dotted lines signifying 3*SD above 

average %tethering. Green quadrant 

indicates increased binding to 14-3-3 in 

presence of procaspase-2 peptide, 

yellow shows neutral binding, and red 

indicates reduced binding in presence 

of peptide. (E) Chemical structures of 

highlighted fragment hits 916936, 

917922, and 916944 and extended 

fragment hit 1075388. 
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pS164 were assessed via fluorescence anisotropy with the bivalent peptide having an 

acceptably tight KD of 12 μM. The screen was performed using 100 nM 14-3-3σ, bivalent 

procaspase-2 peptide at twice its KD value, 200 μM disulfide fragment, and 250 μM β-

mercaptoethanol (BME). Excess phospho-peptide ensured that the 14-3-3σ/procaspase-2 

complex was the primary species interacting with the disulfide fragments for consistency when 

comparing the engagement of the 14-3-3σ/procaspase-2 screen hit compounds to the negative 

control screen of 14-3-3σ alone (14-3-3σ apo). BME induced disulfide exchange, unclipping the 

Figure 2.3. Overview of MSDR for highlighted fragments. (A) Outline of MSDR process. 14-3-3 

(white) is incubated with procaspase-2 phospho-peptide (red) and increasing concentration of 

fragment (purple). Engagement of fragment to 14-3-3 is expected to increase in dose dependent 

manner. % Tethering curve gives compound DR50 value. (B) Chemical structures of highlighted 

hit fragments. (C) MSDR curves for highlighted hit fragments 916936 (top left), 916994 (top right), 

917922 (bottom left), and 1075388 (bottom right). Cyan line indicates %Tethering for fragments 

in the presence of procaspase-2 pS164 phospho-peptide and grey indicates apo 14-3-3 control. 
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disulfide fragment and its solubility cap,  but also acted as a control for nonselective binders by 

outcompeting such transient interactions for C38 binding. After a 3 hour incubation period, 

samples were measured via intact-protein LC/MS.  

The % tethering – a metric defined as the quotient of the % labeling of fragment to 14-3-3σ over 

the summation of the % labeling of all 14-3-3σ moieties then multiplied by 100 – threshold for hit 

selection was three standard deviations (3*SD) above average % tethering for the particular 

screening condition. Fragments which bound above the % tethering threshold in the 

14-3-3σ/procaspe-2 screen but bound below the % tethering threshold of the apo screen were 

considered potential stabilizers and taken forward into the validation assays. The procaspase-2 

screen yielded 20 hit compounds, 11 of which were potential stabilizers, which engaged 14-3-3σ 

above the 30% tethering threshold (Figures 2.2C and 2.2D).  

Hit Fragment Validation and Activity Assays. The 20 highest tethering fragment hits and 12 

other hit compounds from an additional extension to the library were taken forward into a mass 

spectrometry-based compound dose response (MSDR) in order to quantify dose-dependent 

fragment engagement of protein (compound DR50; Figure 2.3A) and select against false 

positives or artifacts from the initial screen. Assays conditions were kept consistent to the 

original procaspase-2 disulfide screen, but with a 3-fold fragment titration series from 2 mM to 

900 nM. Of the best compounds, 917922 and 1075388 had DR50 values of approximately 250 

μM and compounds 916936 and 916994 had DR50 values of approximately 300 μM (Figures 

2.3B and 2.3C). These high μM DR50 values indicated less than optimal compound engagement 

of 14-3-3σ and showed no selectivity over apo 14-3-3, but due to the simplicity of the molecules 

there was potential room for derivatization at later stages of the drug discovery process. Of the 

32 compounds tested in the MSDR, 10 compounds showed enough promise and had enough 

material to be taken forward into the fluorescence anisotropy-based fragment dose response 
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assay (FADR) in order to determine compound efficacy (compound EC50; Figure 2.4A). Of 

these 10 MSDR hits, four compounds showed some stabilization at high compound 

concentrations (Figures 2.4B and 2.4C). The EC50 values were well over the measurable value 

in the FADR (Table 2.1). Thus, the subsequent fluorescence anisotropy-based protein titration 

Figure 2.4. Overview of FADR for highlighted fragments. (A) Outline of FADR process. 

Fluorescently labeled procaspase-2 (red) is incubated with set concentration of 14-3-3 at 

approximately ½ KD and increasing concentration of fragment. Increase in anisotropy is indicative 

of stabilization of the 14-3-3/procaspase-2 interaction. Bottom dashed line indicates lower limit, 

defined by peptide only. Top dashed line demarcates maximum peptide bound and is peptide 

with excess 14-3-3. (B) Chemical structures of highlighted hit fragments. (C) FADR curves of 

highlighted fragments 916936 (top left), 916994 (top right), 917922 (bottom left), and 1075388 

(bottom right). Cyan line indicates treatment with compound. Grey line shows DMSO control. 

Bottom dash is peptide only. Top dash is peptide plus excess 14-3-3. 
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experiments were performed at 2 mM — the highest compound concentration measured in the 

FADR — in order to saturate as much of the 14-3-3σ natural product binding pocket as possible. 

14-3-3σ was titrated in a 2-fold dilution series and the binding affinity of the procaspase-2 

bivalent phospho-peptide was determined in the presence of compound (KD_app) and with a 

DMSO control (KD_DMSO). A shift to the left in binding affinity is indicative of stabilization of the 

14-3-3σ/procaspase-2 complex and cooperativity between the fragment, protein, and phospho-

peptide. No such shift was observed for any of the four FADR compound hits (Figure 2.5; Table 

2.1).  

Table 2.1 Properties of highlighted fragments 

 
MSDR (250 μM 

BME) 

FADR (250 μM 

BME) 
Protein Titrations (250 μM) 

Cmpnd DR50 (μM) EC50 (μM) KD_app KD_DMSO* Fold Stab. 

916936 >2000 1811 36 47 1.3 

916994 >2000 1535 –– 47 –– 

917922 515 1969 275 46 –– 

1075388 534 >2000 123 47 –– 
*KD for peptide is accurate within 3-fold range. These values are shown on the same  

plate as protein titrations with compound. 

CONCLUSIONS 

14-3-3 regulation of caspase-2 in apoptosis has been relatively well studied, however the role 

this PPI plays in metabolic regulation, NAFLD, and NASH is less defined. The goal of the 

disulfide screen and subsequent assays was to discover small molecule fragments which could 

be used as scaffolds for the development of selective, potent stabilizers with which to probe the 

interaction. Such a tunable foundation had great potential for optimization and lead development 

for eventual cell studies of 14-3-3, caspase-2, S-1-P, SREB1/2 interactions and signaling under 

disease conditions.  

Unfortunately, the screen produced a low number of hit compounds, none of which were able to 

show cooperativity in the final protein titration assay (Figure 2.5C). A cysteine located within the 

peptide could be partially responsible for low fragment engagement of 14-3-3σ C38 and steric 
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clash between a covalently labeled procaspase-2 peptide and the 14-3-3σ binding groove. 

However, this may not be the only challenge as a monophosphorylated peptide of the 

procaspase-2 S164 residue which did not contain the cysteine also showed no stabilization. 

More likely, there is some characteristic of the 14-3-3σ/procaspase-2 phospho-peptide 

composite interface which is not amenable to fragment engagement from the chemical moieties 

present in the disulfide library. This phenomenon has been seen in other phospho-peptide 

Figure 2.5. Overview of protein titration experiments. (A) Outline of protein titration process. 2 

mM fragment is incubated with fluorescently labeled procaspase-2 phospho-peptide and 14-3-3σ 

is titrated from high concentration to low concentration. If the compound is a stabilizer, a shift in 

KD to the left of the DMSO control indicates cooperativity between the fragment, protein, and 

phospho-peptide. (B) Chemical structures of the four highlighted compounds. (C) Protein titration 

curves of 916936 (top left), 916994 (top right), 917922 (bottom left), and 1075388 (bottom right). 

Cyan curves indicate incubation with 2 mM fragment. Grey curves are DMSO controls. 
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14-3-3 clients such as B-RAF and USP8 and SOS1, the latter two which are discussed in 

Chapter 3.  

Another approach to engaging the 14-3-3σ/procaspase-2 complex would be to optimize the 

protein titration conditions for the four hit fragments which showed some activity in the FADR 

studies. The EC50 values of the fragments were all well above the maximum dosage used in the 

protein titrations (2 mM) and thus might still have some stabilizing effects at either a lower BME 

concentration or a higher dosage of compound. Similar optimization efforts for the C-RAF, ERα, 

USP8 non-selective hit fragment 917949 (denoted compound 1 in Chapter 3) showed an 

increased stabilization profile in both the FADR and protein titration experiments. Once optimal 

conditions have been determined, structural classification of important binding interactions 

between the 14-3-3σ/procaspase-2/fragment complex could inspire novel lead compounds with 

greater potency and efficacy. However, the lack of an antibody for the procaspase-2 zymogen 

makes cell studies and immunoblotting difficult so further discussion of model systems beyond 

in vitro hit validation would be necessary to determine the full extent of compound activity in 

cells. 
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Chapter 3: A Systematic Approach to the Discovery of Protein-

Protein Interaction Stabilizers 

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, C-RAF, 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 C-RAF or FOXO1. The most efficacious of these 

fragments increased 14-3-3σ/C-RAF phospho-peptide affinity by 430-fold. Disulfide tethering to 

the wildtype C38 in 14-3-3σ provided 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, 

Figure 3.1 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. C-RAF (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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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 C-RAF, 

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 3.1A).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 CryoEM structures of full length proteins.13,33–35 

This wealth of structural 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 
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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 

Figure 3.2 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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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 C-RAF- 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 3.1A, Figure S3.1). 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 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 3.1B). The screening was 

performed on five different peptide targets displaying three conceptually distinct 14-3-3 

interaction motifs (Figure 3.1C): truncated (ERα),14,40 turned (FOXO1),37 and linear (C-RAF, 

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 S3.2). 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 
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hit selection was three standard deviations (3*SD) above the average % tethering for that 

condition (Figure 3.2A). In the quadrant of highest interest, potential stabilizing fragments 

Figure 3.3 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, C-RAF, USP8 or SOS1 

peptide. (D) 14-3-3σ titrations to fluorescein-labeled ERα, C-RAF 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, C-RAF peptide, and USP8 peptide. Distances are indicated (Å, black dashes). (F) Overlay of 

1’s conformations when interacting with ERα and C-RAF. (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 C-

RAF and USP8.  
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showed % tethering above the tethering threshold in the peptide screen and % tethering below 

the tethering threshold in the apo screen (Figure 3.2B, green quadrant). Neutral compounds 

showed significant % tethering for both 14-3-3σ/phospho-peptide and apo (Figure 3.2B, yellow 

quadrant). Potential inhibitory fragments showed significant % tethering above the tethering 

threshold in the apo screen but not in the presence of peptide (Figure 3.2B, 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 3.2C). An overlapping fragment hit cluster was 

identified for ERα, USP8, and SOS1 (Figure 3.2C, green box), whereas a cluster of unique hit 

fragments was identified for both C-RAF and FOXO1 (Figure 3.2C, 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 3.2A, 3.2C, 3.2D, and Tables S3.1-S3.5). The initial 

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 C-RAF 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 3.2A and 3.2D). Figure 

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, C-RAF and USP8 (Figure 3.2). 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 3.3B). The compound’s effect 
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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 KD_app). 

In all three validation assays, 1 

displayed a strong preference for C-

RAF, followed by ERα and USP8, and had no activity with FOXO1 or SOS1. Compound 1 

showed DR50 values of 7 nM for C-RAF, 18.1 μM for ERα, and 24 nM for USP8 (Figure 3.3C) 

as well as EC50 values of 922 nM for C-RAF, 1.31 μM for ERα, and 3.38μM for USP8 (Figure 

S3.3). In the protein titrations, 1 increased peptide affinity for 14-3-3σ by 81-fold in the C-RAF 

complex, 19-fold for 14-3-3σ/ERα, and 4-fold for 14-3-3σ/USP8 (Figure 3.3D and Table 3.1).  

Crystal structures for compound 1 were obtained by co-crystallizing with ERα, C-RAF, or USP8 

bound to 14-3-3σ (Figure 3.3E), with clear density for both 1 and the peptides (Figure S3.4). 

Comparing the three co-crystal structures, the strongest electron density and ligand occupancy 

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 3.3E). Compound 1 showed an identical 

binding mode in the presence of C-RAF (Figure 3.3F), for which the +1 Thr was 3.5 Å from the 

phenyl ring, while the remainder of the C-RAF peptide wrapped around the fragment. These 

additional hydrophobic interactions could explain the higher fold stabilization with the C-RAF 

peptide compared to ERα (Figure 3.3D, 3.3F). Interestingly, 1 shared the binding moiety with 

N42C-tethered stabilizers that were discovered previously for ERα (Figure 3.3G).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 
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3.3E). This conformational change seemed necessary because the USP8 peptide allowed for 

less space (Figure 3.3H). 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 C-RAF 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 S3.5A). In contrast, the +1 Ala residue of 

SOS1 would not contact the phenyl ring of 1, perhaps explaining why no stabilization was 

observed (Figure S3.5B).  

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 

Figure 3.4 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, C-RAF, 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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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). 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 

Table 3.2 Properties of selective FOXO1 stabilizers 

 
MSDR 

(250 μM 
BME) 

FADR 
(50 μM 
BME) 

Protein Titrations 
(50 μM BME) 

Cmpnd 
DR50 
(μM) 

EC50 
(μM) 

KD_app KD_DMSO* 
Fold 
Stab. 

2 0.36 5.10 7.7 nM 39 nM 5 
3 2.2 N/A 10.6 nM 42 nM 4 
4 143 N/A 9.7 nM 111 nM 12 

*KD for peptide is accurate within 3-fold range. These values are 

shown on the same plate as protein titrations with compound. 
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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 

Figure 3.5 Overview of selective stabilizers for C-RAF. (A) Chemical structures of highlighted C-RAF 
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, C-RAF, USP8 or SOS1 peptide. (C) 14-
3-3σ titration to fluorescein-labeled C-RAF in the presence of DMSO or 5 (1 mM), reporting a 246-fold 
increase of 14-3-3σ/C-RAF binding.  (D) Crystal structure of 5 (red) bound to 14-3-3σ (white) in complex 
with C-RAF phospho-peptide (blue). (E) Overlay of C-RAF peptide in the apo-structure (white) with the 
C-RAF 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, C-RAF, USP8 
or SOS1 peptide. (G) 14-3-3σ titration to fluorescein-labeled C-RAF in the presence of DMSO or 7 (1 
mM), reporting a 77-fold increase of 14-3-3σ/C-RAF binding (H) Crystal structure of 7 (teal) bound to 14-
3-3σ (white) in complex with C-RAF phospho-peptide (blue). (I) Overlay of C-RAF peptide in the apo-
structure (white) with the C-RAF peptide (blue) in presence of 7 (teal). 
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stacking 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.  

C-RAF Selective Stabilizers. Following FOXO1, C-RAF had the highest number of stabilizers. 

Of the 21 initial C-RAF stabilizers, 16 compounds showed selectivity for the 14 3 3σ/C-RAF 

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 C-RAF, 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 C-RAF (Thr for C-RAF, Trp 

for FOXO1), thereby leaving more space for the compound. Furthermore, two C-RAF stabilizers 

were shared with ERα, both of which have a similar size in +1 residue (Val for ERα, Thr for C-

RAF). 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 C-RAF peptide compared to 14-3-3σ alone (Figure 

3.5B) and showed a 246-fold stabilization 

of the 14-3-3σ/C-RAF 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 C-RAF 

Table 3.3 Properties of selective C-RAF stabilizers 

 
MSDR 

(250 μM 
BME) 

FADR 
(50 μM 
BME) 

Protein Titrations 
(50 μM BME) 

Cmpnd 
DR50 
(μM) 

EC50 
(μM) 

KD_app KD_DMSO* 
Fold 
Stab. 

5 0.58 0.22 92 nM 23 μM 246 
6 8.78 1.33 100 nM 42 μM 426 
7 12.2 3.18 294 nM 23 μM 77 
8 3.71 13.5 207 nM 23 μM 110 

*KD for peptide is accurate within 3-fold range. These values 

are shown on the same plate as protein titrations with 

compound. 
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compared to apo 14-3-3σ and a 426-fold stabilization of the 14-3-3σ/C-RAF complex (Table 3.3, 

Figure S3.13 and S3.15).  

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

ring of 5 and the +1 Thr residue of C-RAF. The methyl group of 5 also seems important for 

hydrophic interactions with the +1 Thr residue of C-RAF, at a distance of 3.8 Å (Figure 3.5D, 

Figure S3.16A). An overlay of the C-RAF peptide in the presence of 5 with the apo C-RAF 

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

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

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

C-RAF compared to 5 in the MSDR (Figure S3.13). However, compound 7 showed no 

stabilization of any of the peptides other than C-RAF 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/C-RAF 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 C-RAF 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 C-RAF 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 C-RAF peptide in the 

presence of 7 with the apo C-RAF peptide revealed a conformational change of the +4 Val of 

C-RAF, 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 C-RAF peptide (Figure 

3.5I). The lower specificity for C-RAF of 7 in the MSDR could be due to its small size, leaving 
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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 C-RAF (Figure 

S3.16D and E).  

Next to these C-RAF selective stabilizers, the non-selective stabilizer compound 1 also showed 

a large fold-stabilization towards the C-RAF peptide (Figure 3.3). A crystallographic overlay of 

these three scaffolds revealed remarkable differences in conformation of the C-RAF/compound 

interactions (Figure S3.16F). These changes highlight the flexibility of the C-RAF 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 C-

RAF 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, C-RAF, 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 
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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. 

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 

C-RAF, 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 C-RAF were larger and showed more chemical diversity in their scaffold, 

emphasizing the flexibility of the C-RAF peptide. The short ERα peptide resulted in limited 

selectivity, sharing many stabilizers with C-RAF. 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 
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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 

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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Chapter 4 Hit-to-Lead Optimization of Selective 14-3-3/FOXO1 

and 14-3-3/C-RAF Stabilizers 

 

ABSTRACT: Disulfide tethering, a subset of fragment-based drug discovery (FBDD), is a 

versatile tool for the discovery of simple small molecule building blocks for the engagement of a 

plethora of protein targets. While disulfide tethering has been validated for a number of protein-

protein interaction (PPI) inhibitors, the technology is vastly underutilized in the development of 

PPI stabilizers. PPIs are critical to the regulation and function of cellular pathways and offer 

novel “hotspots” for compound engagement. A prior study, discussed in Chapter 3, discovered 

eight selective disulfide stabilizers for two phospho-peptide mimetics of clients of the hub protein 

14-3-3σ (five stabilizers for the 14-3-3σ/FOXO1 interaction and 3 stabilizers for the 

14-3-3σ/C-RAF interaction), six of which were validated biochemically and four which provided 

structural data of the tricomplex binding and interaction interface. Utilizing these compounds as 

a framework, we designed and synthesized a series of covalent compounds in order to increase 

the selectivity, bioavailability, and pharmacokinetic properties of the molecules in an effort to 

develop biological probes and potential drug-like molecules for cell studies. Variation of 
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warhead, linker length, compound symmetry, diastereomer selectivity, as well as 

functionalization of the piperidine and phenyl rings provides valuable insight into the importance 

of the contacts between the compounds, 14-3-3σ, and the phospho-peptide clients, enabling 

prioritization for future hit-to-lead optimization efforts. Although the covalent compounds showed 

attenuated C38 engagement and stabilization activity as compared to their disulfide 

counterparts, the trends that have been established via this limited SAR series have interesting 

implications for the next generation of 14-3-3σ/client stabilizers. 

INTRODUCTION 

The cellular “interactome” is a diverse, highly connected network comprised of a variety of 

proteins including “hub” proteins with dozens to hundreds of binding partners. It is estimated 

that there are several hundred such hub proteins in mammalian cells which, due to their broad 

range of interactions, subcellular localizations, and functions, are crucial to a plethora of cellular 

processes.1–4 The hub protein 14-3-3 has been of primary interest to the Arkin lab due to 

hundreds of known protein binding partners, an expansive breadth of functionalities including 

phosphorylation protection, subcellular localization, induction and/or disruption of other PPIs, 

and accessibility to structural characterization.5–16 14-3-3 also has a proclivity for binding to 

intrinsically disordered regions of proteins creating novel, ordered “hotspots” for small molecule 

engagement on otherwise “undruggable” protein targets.17–20 These features position 14-3-3 not 

only as a fascinating tool within basic biology research, but also a potential target for drug 

discovery. The discovery and development of potent, selective small molecule probes of 14-3-3 

PPI networks could provide valuable insight into the role 14-3-3 plays in cell signaling and 

produce a platform for the development of therapeutics.21–23 This chapter focuses on the 

selective stabilization of two 14-3-3 client proteins, the transcription factor FOXO1 and the 

kinase C-RAF, with disease relevance in metabolic disease, developmental disorders, and 

cancer. 
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FOXO1 is an important regulator of cell signaling, apoptosis, and a key mediator of pathways 

associated with metabolic disease such as gluconeogenesis, adipogenesis, and feeding 

behavior.24–27 FOXO1 has been an attractive target for therapeutics as loss-of-function 

mutations within the liver have led to decreased hepatic gluconeogenesis and improved fasting 

glycemia; suppression of FOXO1 in adipocytes also decreased body weight and partial 

inhibition of FOXO1 activity has shown success in decreasing plasma glucose levels in diabetic 

mice.26,28,29 However, complete ablation of FOXO1/DNA binding in hepatocytes has produced 

unintended side effects including increased liver lipogenesis and the development of 

steatosis.28,30  

Figure 4.1 Overview of FOXO1 and C-RAF signaling pathways and proposed 14-3-3 regulation. 

(A) Insulin signaling within the liver, activating AKT and phosphorylating FOXO1 T24 and S256. 

14-3-3 binds to FOXO1 at pT24 and pS256, sterically occluding SIN3A binding and exporting 

FOXO1 out of the nucleus. FOXO1 activation of gluconeogenesis and lipogenesis is halted. 

Glucagon signals for PKA to activate FOXO1. (B) C-RAF phosphorylation at pS259 results in 

negative regulation by 14-3-3. However, phosphorylation at S621 without S259 results in 

dimerization and activation of C-RAF, phosphorylation of MEK and ERK and activation of EGFR 

pathway. 
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FOXO1 activity is tightly regulated by various posttranslational modifications (PTMs) including 

phosphorylation at T24 and S256 followed by engagement by 14-3-3.27,31–33 This results in the 

disruption of FOXO1/DNA binding and translocation out of the nucleus. However, 

phosphorylation at S256 results in FOXO1 binding to its corepressor protein, SIN3a. The 

FOXO1/SIN3a complex has been linked to the unwanted side effects of fatty liver and 

steatosis.24–26,34 Phosphorylation of the FOXO1 T24 residue results in dissociation of SIN3a and 

ablation of these harmful consequences. Therefore, it is possible that 14-3-3 acts as a negative 

regulator of FOXO1 transcriptional activity and sterically occludes FOXO1/SIN3a binding 

(Figure 4.1A). Protection of the FOXO1 pT24 PTM via selective stabilization of 14-3-3/FOXO1 

binding would provide valuable insight into the interplay between different FOXO1 regulatory 

pathways and a novel, efficacious approach to inhibiting FOXO1 transcriptional activity in 

metabolic disease whilst mitigating the potential for liver injury. 

C-RAF is a kinase in the mitogen-activated protein kinase (MAPK) pathway which, similarly to 

FOXO1, has multiple complex regulatory pathways involving phosphorylation-mediated 14-3-3 

interactions.35–38 Phosphorylation of the C-terminal residue pS621 results in 14-3-3 binding and 

induction of C-RAF homodimerization which leads to activation of the kinase and 

phosphorylation of C-RAF’s only known substrate, MEK.39 When mutated or constitutively 

activated by the GTPase KRAS, dysregulated C-RAF signaling has been linked to 

developmental disorders such as Noonan syndrome and Leopard syndrome and cancers such 

as acute myeloid leukemia and prostate cancer.40,41 Phosphorylation and 14-3-3 binding to 

C-RAF residue S259 blocks C-RAF interaction with RAS, prevents both homo- and 

heterodimerization of C-RAF with the other RAF kinases, and leads to inactivation of kinase 

activity (Figure 4.1B). Selective stabilization of the 14-3-3/pS259 C-RAF inhibitory complex has 

the potential to produce novel therapeutics for C-RAF driven disorders as well as a range of 

other Rasopathies given its critical role in the binding and activation of the other RAF isoforms 
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by RAS. This is especially crucial as a measure for overcoming drug resistance observed in the 

more common B-RAF driven cancers.42 

The previous chapter outlined the systematic targeting of PPIs via disulfide tethering, a subset 

of fragment based drug discovery (FBDD), which resulted in selective small molecule scaffolds 

for stabilizers of the 14-3-3σ/FOXO1 and 14-3-3σ/C-RAF protein/phosphopeptide complexes 

(Figure 4.2B).43 14-3-3σ is unique amongst the seven 14-3-3 isoforms expressed in mammalian 

cells in that it has shown tumor suppressive activity and contains a native cysteine, C38, 

proximal to the client binding groove. The disulfide fragments engaged C38 in a reversible 

covalent manner that was amenable to quantification via intact mass spectrometry. Hit 

fragments were then validated in a series of mass spectrometry and fluorescence anisotropy 

based dose responses. Structural visualization of specific contacts between stabilizers and the 

Figure 4.2 Hit-to-lead optimization strategy. (A) Structure of 14-3-3σ dimer (white) highlighting 

C38 (yellow) and biding groove (green box). X-ray crystal structures of compounds 917726 

(orange; top box) and 916851 (cyan; bottom box) bound to C38 (yellow) of 14-3-3σ (white) and 

FOXO1 (pink) or C-RAF (blue) respectively. (B) Chemical structures of disulfide stabilizers for 

14-3-3σ/FOXO1 (orange box) and C-RAF (cyan box). (C) Points of derivatization for compound 

optimization beginning with the original fragment (orange) as inspiration. Modifications can be 

made for the covalent warhead (yellow), linker length (cyan), piperidine/14-3-3 contacts (purple), 

and fragment functional group/peptide contacts (green). 
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14-3-3σ/client interface via x-ray crystallography elucidated the key interactions required for 

selective binding and efficacious stabilization (Figure 4.2A). Whilst the compounds show 

promising activity in vitro, the thiol moiety has limited usage in cellular and in vivo studies due to 

its off-target reactivity within biological systems. Utilizing the original disulfide fragment 

stabilizers as inspiration, we designed and built a structure-activity relationship (SAR) series of 

covalent compounds sampling various covalent warheads, linker lengths, and substitutions to 

the original fragment/complex interface in order to develop potent, selective, and bioavailable 

covalent stabilizers to the 14-3-3σ/FOXO1 and 14-3-3σ/C-RAF PPIs (Figure 4.2C). Thorough 

validation of the resulting compounds showed covalent engagement of 14-3-3σ, however the 

selectivity and efficacy of the covalent compounds requires further optimization before cell 

studies can be performed. 

RESULTS AND DISCUSSION 

Warhead and Linker Variation. The covalent compound synthesis mirrored that of the disulfide 

fragment synthesis (Figure 4.3; Synthetic Procedures); a large batch of the core piperidine 

attached to the covalent warhead and various linker lengths was synthesized and purified in 

bulk, then derivatized by the chemical moieties discovered in the disulfide tethering screen 

which lent the compounds their selectivity. Cysteine-reactive electrophilic warheads vary in their 

reactivity, selectivity, and kinetics. A series of small molecules inspired by the chemical structure 

of compound 917949 sampled five such warheads — acrylamides, chloroacetamides, oxiranes, 

α-chloroketones, and vinylsulfonamides — and four different linker lengths [med chem paper]. 

Of the five, there was low or no engagement of 14-3-3σ C38 by the acrylamides, oxiranes, and 

Figure 4.3 Synthetic strategy for chloroacetamide derivatives of disulfide hits with varying linker 

lengths. 
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vinylsulfonamides. The α-chloroketone warhead had the most rapid reactivity, however these 

compounds showed greatly diminished selectivity for the 14-3-3σ/client interface vs 14-3-3σ 

alone (termed apo 14-3-3σ) in mass spectrometry and fluorescence polarization assays. 

Although compounds containing the chloroacetamide warhead had slower kinetics, they 

showcased a much greater selectivity for 14-3-3σ/client over apo 14-3-3σ, thus indicating that a 

moderate reactivity was more amenable to cooperativity, requiring the noncovalent interactions 

within the 14-3-3σ/client/compound interface for covalent bond formation with 14-3-3σ. Covalent 

compounds based on the inherently selective thiol stabilizers found in the tethering screen were 

therefore synthesized with the chloroacetamide warhead as a priority over the other electrophilic 

moieties.  

Linker length was also a key determinant for reactivity, selectivity, and stabilization. Due to the 

reversal of the amide in the linker portion of the covalent compounds, as compared to their 

disulfide predecessors, longer linkers positioned the reversed amide farther from the piperidine 

ring. The contributions of the amide to the stabilization of the 14-3-3σ/client or 

14-3-3σ/compound interaction interface was not directly quantified; however, analysis of the 

structural data indicated that the orientation of the amide faced away from the 14-3-3σ natural 

product binding pocket, indicating a lack of potential hydrogen bonding and hydrophilic 

interactions between the amide and 14-3-3σ (Chapter 3). Contacts between the amide and 

longer, flexible peptides such as C-RAF and USP8 were also not observed. The n=0 and n=1 

linker lengths were chosen as a conservative starting point to replicate the disulfide fragment 

geometry and amide positioning closely, whilst still probing different reactivities and contacts 

within the 14-3-3σ/client interface and 14-3-3σ natural product binding pocket. The synthesis 

resulted in 14 compounds which were assessed for their binding to 14-3-3σ C38 and their 

stabilization of the 14-3-3σ/client protein-phosphopeptide interaction (Figure S4.1). 
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FOXO1 Selective Covalent Compound Target Engagement and Stabilization. The efficacy 

of the FOXO1 selective compounds was determined utilizing similar validation approaches as 

the original disulfide FOXO1 selective stabilizers described above in Chapter 3. Compound 

Figure 4.4 MSDR results for 14-3-3/FOXO1 and 14-3-3/C-RAF covalent stabilizers of varying 

linker lengths. (A) Chemical structures of compounds. (B) MSDR curves showing engagement of 

n=0 compounds. 1084855 (top), 1084859 (middle), and 1084860 (bottom) had the best DR50 

values at 16 hours of incubation (2000 μМ, >2000 μM, and 88 μM respectively), but showed loss 

of selectivity. (C) MSDR curves showing engagement of n=1 compounds. 1084862 (top) and 

1084866 (middle) had the best DR50 values at 16 hours of incubation (35.9 μМ and 473 μM 

respectively) and regained some selectivity for the peptide vs. apo (grey). 
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binding to 14-3-3σ was determined through a modified mass spectrometry dose response 

(MSDR; quantified by DR50 values). In order to measure compound kinetics, the original 3 hour 

incubation was expanded to include four different timepoints (1 hour, 8 hours, 16 hours, and 24 

hours; Figure 4.4 and S4.2). The effective concentration of the compounds was determined 

Figure 4.5 Protein titrations for 14-3-3/FOXO1 and 14-3-3/C-RAF covalent stabilizers of varying 

linker lengths. (A) Chemical structures and concentrations of compounds in assay. (B) Titration 

curves showing 14-3-3/client stabilization by n=0 compounds. 1084853 (top) and 1084860 

(bottom) had the best fold stabilization at 8 hours of incubation (both 4-fold). (C) Titration curves 

showing 14-3-3/client stabilization by n=1 compounds. 1084866 (middle) had the best fold 

stabilization at 8 hours of incubation (2-fold). 
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using a fluorescence anisotropy dose response (FADR, quantified by EC50 values; Figure S4.4) 

at the same timepoints as the MSDR. Finally, protein titrations determined the cooperativity of 

the 14-3-3σ/phosphopeptide/compound complex and the degree of stabilization (quantified via a 

shift in the KD; Figure 4.5).  

Table 4.1 Properties of FOXO1 covalent compounds 

SMDC 
ID 

Disul. 
Frag. 

Linker 
Length 

DR50 (μM) 
pep 

DR50 (μM) 
apo 

EC50 
(μM) 

KD_App 
(μM) 

KD_DMSO 
(μM) 

Fold Stab. 

1084853 917316 n=0 1.04 125 -- 0.85 3.46 4 

1084854 
917383 

n=0 1000 2000 -- -- -- -- 

1084861 n=1 2000 2000 -- -- -- -- 

1084855 
917701 

n=0 2000 2000 -- 701 3.46 0.05 

1084862 n=1 35.9 98.13 -- 18.0 3.46 0.19 

1084856 
917726 

n=0 2000 2000 -- -- -- -- 

1084863 n=1 690.4 2000 -- 8.88 3.46 0.39 

1084857 
917800 

n=0 78.69 2000 -- 32.6 3.46 0.11 

1084864 n=1 34.99 2000 -- 0.38 0.06 0.17 

 

Within the MSDR assays, compounds 1084853 and 1084857 of the n=0 linker series and 

compounds 1084862, 1084863, and 1084864 from the n=1 linker series showed the greatest 

14-3-3σ engagement (Table 4.1, Table S4.1, and Figures S4.2). 1084853, 1084857, and 

1084864 had the greatest selectivity in binding to 14-3-3σ in the presence of FOXO1 

phosphopeptide vs apo 14-3-3σ (120-fold, 25-fold, and 57-fold, respectively; Table xxx). It must 

be noted that 1084864 had a shorter incubation time at the maximal activity (8 hours vs 16 

hours) due to poor signal quality at later timepoints. This might indicate instability or insolubility 

of the compound. In the protein titrations, compound 1084853 showed the greatest fold-

stabilization (4-fold with a KD_app of 0.84 nM) at the 8-hour timepoint. Interestingly, the other 

compounds failed to produce any stabilization of the 14-3-3σ/FOXO1 complex and a few 

showed decreased binding affinity (Table 4.1, Table S4.2, and Figure S4.5). This could be due 

to unfavorable geometry produced by the n=0 and n=1 linkers which are both shorter than the 



83 
 

original disulfide linker length. Modeling and crystallographic structures could lend more visual 

insight into the discrepancy in 14-3-3σ engagement by the compounds and their stabilization 

effects on the 14-3-3σ/FOXO1 interaction. 

Table 4.2 Properties of C-RAF covalent compounds 

SMDC 
ID 

Disulfide 
Frag. 

Linker 
Length 

DR50 
(μM) 
pep 

DR50 
(μM) apo 

EC50 
(μM) 

KD_App 
(μM) 

KD_DMSO (μM) 
Fold 
Stab. 

1084860 916851 n=0 88.0 1000 28.1 2.82 12.2 4 

1084859 
917999 

n=0 2000 2000 -- -- -- -- 

1084866 n=1 473 2000 136 5.23 12.2 2 

1084858 
918039 

n=0 2000 2000 -- -- -- -- 

1084865 n=1 2000 2000 -- 2.71 12.2 4.5 

 

C-RAF Selective Covalent Compound Target Engagement and Stabilization. 14-3-3σ 

engagement, effective compound concentration, and compound stabilization of the 

14-3-3σ/C-RAF complex were determined through the same validation experiments as 

14-3-3σ/FOXO1. In the MSDR, compounds 1084860 and 1084866 showed target engagement 

and selectivity over the apo protein (11-fold and 4-fold respectively; Figure 4.4, Figure S4.3, 

Table 4.2, and Table S4.1). In the FADR, 1084860 had an EC50 value of 28 μM and 1084866 

had an EC50 of 136 μM (Figure S4.4). Within the protein titrations, 1084860 produced a 4-fold 

stabilization of the 14-3-3σ/C-RAF protein-phosphopeptide interaction and 1084866 produced a 

more modest 2-fold stabilization (Figure 4.5, Figure S4.6, Table 4.2, and Table S4.2). These 

results were more reflective of the MSDR and FADR data than the FOXO1 selective 

compounds which seemingly bound well to 14-3-3σ in the MSDR but produced low to no 

stabilization in the protein titrations. However, the shift in stabilization by 1084860 and 1084866 

was far less than the disulfides the compounds were based on (4-fold vs 77-fold and 2-fold vs 

246-fold; Chapter 3). This might also be a result of insufficient interactions between the 

compounds and the 14-3-3σ/C-RAF binding interface due to the shortened linker length, 
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especially with regard to 1084866. Modeling and crystallographic studies would be useful in 

illuminating the optimal orientation for warhead engagement of C38 and the appropriate linker 

length for maximizing contacts between the covalent compounds and the 14-3-3σ/C-RAF 

‘hotspot.’  

CONCLUSIONS 

Fragment-based drug discovery and, more specifically, disulfide tethering have great potential 

as powerful tools for addressing challenging biological problems. The simple chemical building 

blocks that were found in the prior disulfide tethering screen resulted in inherently selective 

stabilizers with high ligand efficiency for the 14-3-3σ/FOXO1 and 14-3-3σ/C-RAF interactions. 

Therefore, the compounds provided a versatile, mutable platform for the development of lead 

covalent compounds with greater bioavailability and pharmacokinetic properties. The 

amenability of the compounds to derivatization from all aspects of the molecule — warhead 

selection, linker length, amide positioning, piperidine ring accessorization, and alterations to the 

phenyl cores in contact with the phospho-peptide — allow for flexibility that is typically not 

present in drug discovery campaigns centered around more complex natural products. This 

flexibility in turn results in a more thorough exploration of the important contacts between the 

covalent lead compounds and 14-3-3σ, compounds and the phospho-peptide clients, and 

compounds and the 14-3-3σ/client composite binding interface.  

This project embarked on a hit-to-lead optimization campaign in order to design and synthesize 

biologically active covalent compounds for future use as probes and potential therapeutics in 

metabolic disease, cancer, and developmental disorders. Linker length had a quantifiable effect 

on C38 engagement, selectivity over apo 14-3-3σ, and stabilization. Although the current 

compounds that have been synthesized exhibit lower 14-3-3σ C38 engagement in the mass 

spectrometry assays and decreased stabilization in the activity assays than their disulfide 
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counterparts, they provide valuable insight into the important facets of the 

compound/protein/phospho-peptide trimeric system.  
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Chapter 5 Beyond 14-3-3: Application of the Disulfide Tethering 

Screening Technology to Novel Protein-Protein Interaction 

Platforms 

ABSTRACT: The versatility and applicability of the disulfide tethering technology resulted in the 

discovery and development of selective protein-protein interaction stabilizers for a variety of 

biologically interesting proteins within the 14-3-3/client stabilization model system. The screen 

produced multiple scaffolds for hit-to-lead optimization efforts with promising bioavailability and 

cellular activity. With a greater understanding of the guidelines behind a successful disulfide 

tethering screening campaign, we set out to expand our technology beyond the realm of 14-3-3 

and its clients. Through multiple constructive collaborations, we performed the screen and 

validation experiments for three target proteins with a broad range of functions and roles in cell 

signaling: the guanine nucleotide binding protein (Gq) involved in uveal melanoma; 

apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3A (APOBEC3A) involved in 

cancer and rare disease; SARS-CoV-2 nsp14 (N7-guanine)-methyltransferase (MTase nsp14) 

involved in infectious disease. These drug discovery efforts resulted in 10 compounds with 

promising activity for both Gq and APOBEC3A as well as a promising range of small molecule 

binders to MTase nsp14 awaiting validation. The success of these campaigns underlines the 
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utility of fragment-based drug discovery and disulfide tethering as a starting point for the 

development of biological probes and potential therapeutics.  

INTRODUCTION 

Having defined some of the key features of a successful disulfide tethering campaign and hit-to-

lead discovery endeavors, we directed our attention to expanding the scope of the technology to 

diverse systems beyond 14-3-3. In particular, we wanted to probe the ability of the screen to 

produce interesting chemical scaffolds under three distinct categories – firstly, to selectively 

target a disease mutant over wildtype protein; secondly, to utilize an engineered, non-native 

cysteine residue proximal to the binding site of interest;1–3 lastly, to selectively engage a desired 

native cysteine proximal to the binding site of interest over other native cysteines in the 

protein.4–6 Thus, the screen would be able to address a number of different challenges in drug 

discovery and provide a robust, precise, and systematic platform for biological probe and 

therapeutic development. In order to accomplish this goal, we partnered with a number of 

different labs within and without UCSF. 

The guanine nucleotide-binding protein Gq subunit α (Gq) was used to determine selectivity for 

disease inducing mutant over wildtype. Approximately 90% of all uveal melanomas are a result 

of mutations in Gq. Q209L and Q209P seemingly account for the majority of the mutations that 

lead to oncogenesis.7,8 50% of the uveal melanoma cases metastasize into the liver, lungs, and 

bone with poor prognosis for the patient (4-15 month survival).9–11 As the second most common 

form of melanoma, this presents a therapeutic window of opportunity to address a vulnerable 

patient population.12 The difficulty with targeting the oncogenic mutants of Gq arises from the 

structural similarity between the mutants and wildtype which is critical and necessary for cellular 

function.13–16 A cysteine residue, C219, proximal to the Gq Q209 mutant in the Switch II region 

of the protein, provides the perfect target for a disulfide tethering campaign evaluating the ability 

of the screen to produce selective compounds with therapeutic implications (Figure 5.1A).17 
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Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3A (APOBEC3A) functions as 

an integral part of the innate immune system and is critical to response against viral infection. 

As such, it has implications in SARS-CoV-2 and HPV treatment.18–23 Additionally, recent 

literature suggests that within the family of 7 APOBEC3 DNA cytosine deaminases expressed in 

mammalian cells, only APOBEC3A has the profile of an oncogenic driver, inducing C-to-G and 

C-to-T mutations in DNA which are characteristic of over half of all cancer types.24–28 

Site-directed mutagenesis was employed to engineer four cysteine residues within the flexible 

Figure 5.1 Initial screen results and strategies for Gq, APOBEC3A, and SARS-CoV-2 MTase 

nsp14. (A) Left: x-ray crystal structure for Gq (cyan) bound to GTPγS (orange) highlighting 

disease relevant residue Q209 (purple) and target cysteine C219 (yellow). Middle: x-ray crystal 

structure of APOBEC3A (red) bound to DNA (orange) with four mutated target cysteine residues 

(G27C, A59C, G68C, and Y132C) highlighted in yellow. Right: x-ray crystal structure of MTase 

nsp14 (green) bound to SAM (yellow) and target cysteine C387 (yellow). PDB IDs from left to 

right: 3AH8, 5KEG, and 7TW7. (B) Initial screen results for Gq Q209L and Q209P (cyan box), 

APOBEC3A A59C and G68C (maroon box), and MTase nsp14 (green box). Dotted line shows 

3*SD above average and compounds above this line are considered hits. (C) Chart depicting 

number of selective hits for Gq Q209P vs Q209L (blue) and APOBEC3A G68C vs A59C (pink) as 

well as overlapping hits. 
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regions of the DNA binding groove of APOBEC3A in order to provide site-specific targets for 

disulfide exchange (Figure 5.1A).29 The goal of this project was to discover whether fragment 

hits from an engineered system could still produce efficacious inhibitors to APOBEC3A activity 

that could then be modified to potent, noncovalent inhibitors with biological activity. 

The final model system was a joint effort to target the SARS-CoV-2 nsp14 (N7-guanine)-

methyltransferase (MTase nsp14) in an effort to determine whether the unique chemical 

environment of the binding groove is distinct enough to produce selective fragment hits that 

minimally or do not engage other cysteine residues within the protein and to understand some 

of the underlying mechanisms of reactivity (solvent exposure, local environment, presence of 

native ligand, etc.). MTase nsp14 is the enzyme responsible for capping the viral RNA in order 

to increase stability, increase translation of viral mRNA within mammalian cells, and evade the 

innate immune system.30–33 As such, it is a target of paramount interest at the wake of the 

pandemic and the appearance of viral strains resistant to treatment and vaccination. For the 

disulfide screen, we utilized an MTase nsp14 TELSAM fusion protein containing 11 cysteines, 

three which occupied the S-adenosylmethionine (SAM) binding site of the enzyme, and only one 

of which was optimal for tethering by docking and in silico visualization (Figure 5.1A).34  

The three proteins discussed above provide a model for fundamental challenges within drug 

discovery: off-target engagement of wildtype protein, absence of covalent handle within binding 

site of interest, and off-target cysteines producing false positives due to nonspecific interactions 

between fragments and protein of interest. Assessing the efficacy and customizability of the 

disulfide tethering screen in order to address these challenges provided crucial data on the 

scope of the screen beyond the 14-3-3 model system. We were successful in obtaining 10 hit 

compounds which showed efficacy in initial activity assays for the Gq and APOBEC3A systems 

as well as a successful starting point in the MTase  nsp14 system which will be taken into 

validation and activity assays in the near future. The Gq compounds provided an exciting 
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conserved chemical motif which led to initial structure-activity relationship (SAR) chemistry for 

optimized disulfide and irreversible covalent compounds. APOBEC3A produced 4 distinct 

classes of hit fragment and some interesting overlap in active compounds from two separate 

tethering points. This could have interesting implications for fragment merging alongside 

traditional hit-to-lead optimization efforts. Finally, MTase nsp14 produced a wide range of high 

binding compounds which required triaging against a cysteine-to-serine mutant and provided 

useful information on whether the % tethering or % single labeling events are the most 

important metric for a successful screen. With these crucial pieces of data and the information 

learned from 14-3-3/client protein-protein interaction stabilization discussed in Chapter 3, we 

have a greater understanding of the capabilities of the disulfide tethering screen and its 

application as a systematic approach to the modulation of protein-protein, protein-nucleotide, 

and protein-ligand interactions. Thus, we have produced a powerful tool for addressing 

challenging and versatile questions in biology and medicine. 

RESULTS AND DISCUSSION 

Gq, APOBEC3A, and MTase nsp14 Initial Screen. Gq contains a cysteine, C219, proximal to 

the Switch II region and the oncogenic Q209L and Q209P mutants which was targeted by the 

disulfide tethering screen. Protein stability, β-mercaptoethanol (BME) optimization, and cysteine 

reactivity were assessed for optimal screening conditions (Supplemental). The two Gq mutant 

screens was performed using 200 nM Gq Q209L and Gq Q209P (individually), 200 μM 

fragment, and 250 μM β-mercaptoethanol (BME). BME acted to facilitate disulfide exchange 

and as a competitor for nonselective transient interactors of C219. After a 3 hour incubation 

period, samples were measured via intact-protein LC/MS. In the context of APOBEC3A, four 

cysteine mutants (G27C, A59C, G68C, and Y132C) were tested for stability, BME engagement, 

and iodoacetamide labeling. G68C showed the highest stability and lowest double-labeling 

events in the BME and iodoacetamide samples, however A59C was of a higher priority. Thus, to 
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maximize the potential hits found in the screen and surveil multiple points of the APOBEC3A 

RNA binding site, we decided to perform the screen on both A59C and G68C APOBEC3A 

mutants. The screens were performed using the same conditions in order to have a fair 

comparison and assess overlapping and selective hits: 500 nM APOBEC3A variant, 200 μM 

fragment, and 125 μM BME due to instability of A59C at higher concentrations. MTase nsp14 

was screened under the optimized conditions of 250 nM protein, 200 μM fragment, and 500 μM 

BME.  

The % tethering – defined for all clients as the quotient of the % labeling of fragment to target 

protein over the summation of the % labeling of all target moieties then multiplied by 100 – 

threshold for hit selection was three standard deviations (3*SD) above average % tethering for 

the particular screening condition with the exception of APOBEC3A G68C and MTase nsp14 

which had such a high average % tethering that some hit fragments were selected from two 

standard deviations (2*SD) above average (Figure 5.1B). The Gq Q209P screen yielded 30 hit 

compounds with a 40% tethering threshold, Gq Q209L yielded 19 hits with a 60% tethering 

threshold, and there were 5 compounds shared between the two mutants. The APOBEC3A 

A59C screen yielded 30 selective hits with a 77% tethering threshold and the APOBEC3A G68C 

screen yielded 9 selective hits with an 81% tethering threshold, and 5 shared hits (Figure 5.1C). 

The MTase nsp14 C387 screen yielded 5 hits above 3*SD when analyzing single labeling due 

to an exceptionally high average % tethering even under high BME conditions. 89 hits with high 

single labeling and total tethering above the 2*SD 80% tethering threshold were selected for 

follow-up mass spectrometry dose response validation experiments (Figure 5.1B). 

Gq Validation, Selectivity, and Activity Assays. The 19 Q209L hits, 30 Q209P hits, and 5 

shared hits were taken forward into a mass spectrometry-based compound dose response 

(MSDR) in order to quantify dose-dependent fragment engagement of protein (compound DR50; 

Figure 5.2) and select against false positives or artifacts. The initial screen assay conditions 
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were used apart from a 3-fold fragment titration series from 2 mM to 900 nM. The 54 

compounds were also tested against the Gq wildtype protein (Gq WT) in order to discover 

selective binders which would only engage the disease mutant targets. Of the compounds 

assessed in the MSDR, 32 bound  with greater affinity to the Gq mutants than to Gq wildtype 

and were taken forward into the fluorescence polarization-based functional assay. The 

functional assay measured the fragments’ ability to disrupt Gq binding to TAMRA-labeled Gq 

client PCLβ3 (PCLβ3-TMR) peptide. The assay was performed at a single concentration of 

compound well above the determined DR50. Final assay conditions were 25 nM PCLβ3 peptide, 

100 μM fragment, and 100 μM GTPγS. Gq Q209L and Gq WT were at a 1 μM concentration 

and Gq Q209P was at 5.25 μM to maximize signal. 10 compounds were determined to be 

Figure 5.2 Gq validation and activity assay results. (A) Chemical structures of best selective 

inhibitors for Gq Q209P vs WT. (B) Mass spec dose response (MSDR) curves for 993803, 

993805, and 993912 showing selectivity in binding for Q209P over WT Gq. 993912 showed 

equivalent engagement of Q209L. (C) Fluorescence anisotropy activity assays for top 

compounds with Q209P (blue), Q209L (red) and WT (black). 993803, 993805, and 993912 are 

outlined in green, purple, and yellow respectively. 
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functionally active in disrupting PCLβ3/Gq binding in one or both of the mutant Gq proteins with 

a lesser or no effect on Gq WT (Table 5.1 and Figure 5.2C).  

Table 5.1 Biophysical properties of Gq hit compounds 

SMDC ID DR50 (μM) Q209P DR50 (μM) Q209L DR50 (μM) WT 

917835 0.3 48 236 

993695 2.0 >2000 31 

993799 305 >2000 13 

993803 5 nm 102 6.8 

993804 >2000 >2000 4.7 

993805 9 nm 29 6.3 

993912 1.7 2.2 57 

993939 14 3.0 29 

993945 8.2 1.9 25 

993948 5.4 2.6 0.8 

 

APOBEC3A Validation and Activity Assays. 30 of the 35 APOBEC3A A59C hits were 

available to be taken forward into MSDR validation experiments. 34 compounds were tested in 

the APOBEC3A G68C MSDR follow-up. Due to the high 3*SD % tethering threshold of the 

G68C screen, the highest binding compounds from the 2*SD % tethering threshold were also 

taken into the MSDR in order to provide a broader platform, larger chemical diversity, and 

increase odds of finding active molecules. 9 of the compounds tested in the MSDR were shared 

hits between the two screens. The MSDR conditions reflected the initial screening conditions 

with the exception of the 3-fold dilution of compound. 27 of the 30 compounds tested for 

APOBEC3A A59C and 28 out of the 34 compounds tested for G68C showed promise in the 

MSDR with top compounds showing DR50 values in the nM range (Figure 5.3, Table 5.2) and 

were taken forward into the activity assay. The APOBEC3A activity assay assessed the binding 

of the APOBEC3A mutants and wildtype control (APOBEC3A WT) to a 5’-TAMRA-labeled DNA 

tracer via fluorescence polarization. The APOBEC3A A59C and G68C activity assays were 
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performed as a single point experiment in two replicates using 1 μM protein, 200 μM compound, 

and 15 nM DNA tracer. The APOBEC3A WT control assay was performed using 10 ng/well 

protein, 200 μM compound, and 100 nM DNA tracer (Figure 5.3C). Of the 55 total compounds 

tested, 10 showed promising activity with inhibition of APOBEC3A WT and some attenuated 

activity in the mutants, potentially indicating activity even without covalent engagement of the 

target. This resulted in a series of promising scaffolds for hit-to-lead optimization efforts. 

Table 5.2 Biophysical properties of APOBEC3A hit compounds 

SMDC ID Activity Assay ID Selectivity DR50 (μM) A59C 
DR50 (μM) 

G68C 

994471 42 A59C 6.79 – 

917571 15 G68C – 0.01 

993805 35 Both 8.25 5.44 

993946 36 Both 0.82 0.002 

967291 32 A59C 3.54 – 

917553 14 A59C 13.3 – 

994466 40 A59C 30.0 – 

967187 29 A59C 34.0 – 

917269 5 G68C – 4.89 

916961 1 G68C – 3.46 

917692 16 G68C – 4.32 

 

MTase nsp14 Initial Screen and Validation. The high % tethering average of the MTase 

nsp14 screen was unprecedented and potentially indicative of multiple binding events to off-

target cysteine residues (Figure 5.1B). In the initial iodoacetamide experiments, there was a 

high abundance of double labeling and a lower instance of a third labeling event. In order to 

triage the potential for multiple labeling, we counter-screened the 89 hits using a C387S mutant 

and took the difference between the two as the on-target engagement profile of the compounds. 

26 compounds showed dose dependent engagement to MTase nsp14, however, when 

compared to the C387S mutant, compounds showed either similar or better binding in the case 



102 
 

of the mutant (Figure 5.4A and 5.4B). We also tested 20 covalent compounds found from a 

previous docking campaign in a time course MSDR. Compounds 1124888 and 1124891 

showed the greatest similarity in single and total labeling of the protein (Figure 5.4C and 5.4D). 

Figure 5.3 APOBEC3A validation and activity 

assay results. (A) Chemical structures of best 

specific inhibitors from A59C screen (salmon), 

G68C screen (purple), and shared hits. (B) Top 

row: MSDR curves for 994471, 993805, and 

993946 with A59C. Bottom row: MSDR curves for 

917571, 993805, 993946 with G68C. (C) 

Fluorescence anisotropy activity assays for top 

compounds for A59C (top left), G68C (top right), 

and WT (bottom). Compounds 994471 (42), 

993805 (35), and 993946 (36) showed inhibition of 

PCLβ3 in WT assay. 
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When compared to mutant, we saw similar non-specificity for C387 as with the disulfides. This 

could be due to two other cysteines in the SAM binding pocket (C382 and C399). 

CONCLUSIONS 

The disulfide tethering technology is a versatile platform for the discovery of small molecule 

fragments as selective and efficacious platforms for hit-to-lead development. Of the three 

systems that were tested, we were able to discover approximately 10 scaffolds, often with 

unique chemical properties, which engaged the target, validated in the MSDR, and showed 

activity as inhibitors of ligand binding. Further activity assay optimization and compound 

optimization efforts have the potential to characterize and design novel probes and potential 

therapeutics for a broad range of protein-protein interactions and diseases, respectively.  

Figure 5.4 MTase MSDR validation assays for disulfide and covalent compounds. (A) Chemical 

structures of top 4 hits from MTase screen. (B) MSDR curves for top four disulfide compounds 

showing WT total and single labeling (green) and C387S total and single labeling (orange). (C) 

Chemical structures of four top covalent compounds from docking campaign. (D) MSDR curves 

for top four covalent compounds showing single and total labeling over the course of 1hr, 8hr, 

16hr, and 24hr incubation time. 
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The 10 best compounds for the Gq project show moderate selectivity for the Q209P mutant over 

Q209L and WT. Thus, Q209P appears to have the most viability as a target for compound 

optimization efforts. Compounds 993805 and 993912 showed the greatest selectivity in 

inhibition of PCLβ3 binding for Q209P vs WT and shared a similar chemical motif to other hit 

fragments including the base fragment 992695 (Table 5.1). Currently, the focus for the Gq 

project is to recapitulate the results of the single-point activity assay under optimized conditions 

and expand the assay to a full fluorescence polarization fragment dose response (FPDR) series 

utilizing our best compound (993695) and a commercially available inhibitor of the Gq/PCLβ3 

complex. Protein titrations to determine decrease in cooperativity will follow upon determination 

of compound EC50 values. The results of these assays will inform follow-up chemical 

optimization, building two libraries: a disulfide SAR series focused on non-covalent interactions 

between fragment and protein and an SAR series of alternative covalent warheads and linker 

lengths for greater bioavailability. 

The 10 best compounds in the APOBEC3A MSDR could be categorized into distinct chemical 

moieties, most of which were characterized by large aromatic rings with electron withdrawing 

accessory groups. The fluorescence polarization assay had an interesting activity profile 

wherein there was seeming inhibition of the wildtype protein but attenuated response in both of 

the mutants used in the original tethering screen (Figures 5.1B and 5.3C). Compounds 994471 

and 993800 showed the best activity for the A59C specific compounds; compound 917571 

showed the best activity for the G68C specific compounds; compounds 993946 and 993805 

showed the best activity for the nonselective compounds. However, only compound 917571 had 

activity when tested against APOBEC3A WT. Instead, compounds 916961, 917269, 917692, 

967187, and 967291 showed the greatest activity (Figure 5.3C). This may be the result of the 

assay conditions under which the compounds were tested. The DNA tracer does not bind tightly 

to APOBEC3A at pH higher than 7.4. However, the cysteine thiol has a pKa value of 8.3. Thus, 
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the kinetics of the disulfide reaction between the compound and protein may be unfavorable or 

slowed under the conditions necessary for APOBEC3A/DNA binding. It is unclear why the WT, 

which in theory is not covalently targeted by the compounds, shows better compound efficacy. 

Single-point experiments are limited in scope however, and an extended FPDR at multiple 

timepoints beyond the 3-hour incubation period may be necessary to understand these results. 

Another approach would be to develop a small irreversible covalent warhead SAR series of 

compounds based on the disulfide scaffolds and measure APOBEC3A A59C and G68C 

engagement and DNA binding inhibition over a series of timepoints. From previous SAR with 

14-3-3, α-chloroketones seem to have the most rapid kinetics followed by chloroacetamides and 

then acrylamides. In this way, even if FPDR conditions facilitate a slower reaction, once 

fragment is engaged, there is no disulfide exchange and loss of binding. Covalent binders may 

also be more conducive to structural studies for APOBEC3A/fragment complex visualization. 

Comparisons between the MTase nsp14 WT and C387S mutant have shown engagement of 

both proteins to similar degrees, if not better in the case of the mutant. This indicates off-target 

binding. Subsequent mutagenesis of proximal cysteines C382 and C399 will give greater insight 

into which cysteine has the greatest interaction profile with both disulfide and covalent 

compounds. MTase Glo activity assays will also determine which compounds show inhibition of 

MTase activity and SAM occlusion from the binding site. 

Here, with the collaboration of the Manglik, Harki, Fujimori, and Shoichet labs, I have 

successfully expanded the reach of the disulfide tethering screen beyond the initial 14-3-3 

model system. Although the application delved into the more explored field of inhibitor 

fragment-based drug discovery, these proteins are representative of a number of diverse and 

powerful applications of the technology including: selectivity for a specific disease mutant in the 

case of Gq, site-directed mutagenesis of an engineered cysteine proximal to binding site of 

interest with APOBEC3A, and selectivity for a specific cysteine residue amidst multiple other 
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native cysteines in the case of MTase nsp14. Even more importantly, all of the targets are 

central to disease and have the potential for great impact in cancer, rare disease, and infectious 

disease. The utility of the disulfide tethering screen for rapid, precise, and quantitative discovery 

of modulators for a plethora of “undruggable,” disease-relevant protein-protein interactions 

exemplifies the power of this tool for basic biology and precision medicine. 
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