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Chapter 1 

Stabilization of protein-protein interactions 
as a drug discovery strategy 

 
 
 
 
 
 
 
 
 
 
 
 
 

Abstract 

This chapter provides an introduction regarding the fundamental basis of protein-protein 

interactions (PPI) and their modulation in drug discovery. Stabilization and inhibition will be 

presented as orthogonal strategic approaches with special attention for the unique benefits of 

stabilization and the current imbalance of efforts in the field to empower both strategies. 

Focus will be placed on the modulation of the interactions of hub proteins, and specifically 

those of 14-3-3 proteins. Finally, the potential of a fragment-based approach to aid the 

development of novel technologies for the discovery of PPI stabilizers will inspire the 

formulation of the aim and outline of this thesis.  

 

 

 

 

 

Parts of this chapter have been published: S. A. Andrei, E. Sijbesma, M. Hann, J. Davies, G. O’Mahony, 
M. W. D. Perry, A. Karawajczyk, J. Eickhoff, L. Brunsveld, R. G. Doveston, L.-G. Milroy & C. Ottmann. 
Expert Opinion on Drug Discovery 2017, 12(9), 925-940. 
And: L. Stevers, E. Sijbesma, M. Botta, C. MacKintosh, T. Obsil, I. Landrieu, Y. Cau, A. J. Wilson, A. 
Karawajczyk, J. Eickhoff, J. Davis, M. Hann, G. O’Mahony, R. G. Doveston, L. Brunsveld & 
C. Ottmann. Journal of Medicinal Chemistry 2018, 61(9), 3755-3778.  
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Protein-protein interactions as a therapeutic target class 

Proteins are macromolecules constituted of linear chains of amino acid building blocks 

that fold into well-defined secondary structures – known as α-helix, β-sheet, and turn - which 

sequentially assemble as repeating spatial arrangements into a three-dimensional native 

conformation, providing functionality.1 The protein folding process is tightly controlled by 

various elegant mechanisms2–4 and molecular chaperones5,6 and its essentiality is illustrated 

by the widespread association of protein misfolding and aggregation with the incidence of 

disease.1 Well-known and extensively studied examples of this are disease-specific proteins 

forming insoluble filaments underlying several neurodegenerative disorders.7–11 Proteins are 

considered the smallest operational units of a cell and exert all functions at the molecular 

scale that are required for life, ranging from the immune response by antibodies, to 

maintaining and controlling membrane potentials by ATPase enzymes functioning as ion 

pumps, and the regulation of gene transcription by transcription factors that bind to specific 

recognition elements in the DNA. The large variation in protein activities makes them not 

only the laborers of cells, but also the molecular factories, executives and guardians, that 

together constitute, mediate and control all cellular processes. 

All proteins interact with their environment and other proteins to exert their physiological 

functions.12–14 Assembly of proteins into multi-subunit complexes15, existing of multiple 

copies of the same16, or several different proteins, is required for functionality and essential 

in signaling pathways wherein proteins subsequently interact with each other to pass on 

extracellular signals ultimately resulting in downstream effects.17–19 Thus clever spatial 

organization is able to provide order in the extremely crowded and chaotic interior of the cell 

(Figure 1.1a), yet it is miraculous how proteins can find their correct partners in the vast sea 

of millions of proteins, which are all additionally constantly being produced and degraded. 

Protein homo-20,21 and hetero- dimerization22–25 and oligomerization26,27 are prevalent 

mechanisms by which the cell maintains control and receives, integrates and responds to cues 

via complex networks, and as such are these phenomena key factors for regulating all cellular 

proteins, including receptors, ion channels, enzymes, and transcription factors.12,17,28 

The entire network of protein-protein interactions (PPI) comprises the ‘interactome’ of a 

cell which can be visualized as a web or graph with nodes or hubs - proteins; and edges or 

spokes - the connections between them.29–31 Additional levels of complexity are added by the 

spatiotemporal regulation of dynamic clustering modules18,32,33 - where proteins required for 

function need to be present at the same site at the same time,18,19 and the overall state of the 

network as a framework in its entirety.34,35 Together, these elements largely influence the 
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overall outcome of the modulation of an individual protein in that network and the 

dysregulation of spatiotemporal protein clustering into subnetworks is often associated with 

disease.36 Furthermore, entire protein networks can be rewired in disease, as a result of a 

single mutation (Figure 1.1b).30,37,38 The realization that complex diseases are rather diseases 

of networks than of individual proteins therein35, has large consequences for how the design 

of new drugs for the treatment of these diseases needs to be reconsidered. This importance 

of PPI networks in disease states is illustrated for cancer by the OncoPPi network (Figure 

1.1c,d), which aims to unravel the network of oncogenic PPI by integration of cancer genes 

into their interconnected signaling networks, revealing new hubs and regulatory 

mechanisms.39 Therapeutic intervention could thus be guided by discoveries of novel drug 

targets via network-informed susceptibilities in disease pathways.30,39 

 

Figure 1.1 | Cellular organization of PPI networks. a) Proteins in cellular signaling pathways are 
spatially assembled into several organizational complexes for efficient information transfer.18 b) 
PPI can be perturbed by disease, resulting in rewiring of the connectivity within the local network, 
as illustrated by the interaction profile for RAD51D of disease- or common mutants.30 c) Network 
connectivity in the PPI map for oncogenes as revealed by OncoPPi reveals 83 lung-cancer 
associated proteins connected via a total of 397 interactions, with highly connected hubs indicated 
in green.39 d) Hub and spoke diagram for two proteins (of the 41 in total) that were found to engage 
in at least 5 physical interactions in the OncoPPi network, with newly discovered interactions 
represented as solid lines.39 Figure in panel a) from ref. 18, reprinted with permission from AAAS; 
b) from ref. 30, reprinted with permission from Elsevier; c,d) from ref. 39, reprinted under a Creative 
Commons Attribution 4.0 International License. 
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Different types of PPI can be distinguished, that all share several underlying fundamental 

properties.40–42 It has been shown that complementarity of surfaces drives PPI and largely 

dictates selectivity, whereas hydrophobicity in these interfaces is the major stabilizing factor 

of the resulting protein complexes.40,43 In general, the interactions between proteins can be 

categorized as stable and permanent (an example is the large multi-domain ribosome) or 

dynamic and transient44–46 (important for fast responses in signaling pathways). Structural 

comparisons of interfaces combined with functional data on the energetics of binding for 

amino acid side chains involved in the interaction provided initial insights for probing 

PPI.47,48 Additionally, a key role for allosteric regulation has been described for protein 

complexes49–52 yet this fascinating phenomenon will not be further focused on in detail here. 

The rise of protein interfaces to the front lines of modern drug discovery efforts will be 

discussed in more detail in the next section. 

PPI have long been deemed ‘undruggable’ due to challenges posed by the flat and 

expanded nature of protein interaction surfaces (roughly between 1,000 - 3,000 Å2)42,53,54, 

generally lacking small molecule binding pockets (deep cavities of typically 300 - 500 Å2)55,56. 

A number of essential findings initiated change in perception within the field. This includes 

the report by Clackson and Wells in 1995 of a binding energy hot spot in the PPI between 

human growth hormone (hGH) and the extracellular domain of its receptor-binding protein 

(hGHbp) identified by alanine scanning mutagenesis.57 The high-resolution crystal structure 

of the complex had been reported three years prior to that work, showing that one growth 

hormone molecule simultaneously interacts with two hGHbp domains via two distinct sites58, 

which confirmed previous findings from studies in solution.59 A small motif, comprised of 

two tryptophan residues in a hydrophobic patch (‘site 1’), was found to be responsible for the 

majority of the binding free energy, a characteristic which was hypothesized to be a general 

feature of interaction surfaces.57 Indeed, encouraged by additional studies confirming this 

hypothesis60,61, rapid advances in understanding the fundamental properties of PPI followed, 

including the realization that protein-protein interfaces are much more adaptive than had 

been thought.62 Multiple successful examples over the last 25 years have illustrated PPI 

tractability for small molecule modulation.62–66 Interestingly, Wells and McClendon 

compared the binding pockets for several milestone PPI inhibitors reported thus far (in 

2007), of the interactions between IL-2/IL2R (SP4206)67–69, Bcl-XL/BAD (ABT-737)70–72, 

HDM2/p53 (Nutlin-2/373 and a benzodiazepinedione74,75) and HPV18 E2/E1 (compound 

18)76,77, to the native PPI interfaces, revealing these molecules indeed only engage a 

subsection of the PPI contact surface (Figure 1.2).64  
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Figure 1.2 | Comparisons of small molecule PPI inhibitor binding sites versus native interfaces.64 
Co-crystal structures of protein-protein or protein-peptide complexes are depicted on the left and 
of protein-inhibitor complexes on the right, illustrating the comparisons of a) IL-2 (grey surface) 
bound to IL-2Rα (yellow ribbon and sticks representation; left) and IL-2 bound by small molecule 
SP4206 (right), b) Bcl-XL (grey) bound by a BAD-derived peptide (yellow) and Bcl-XL bound by 
ABT-737, c) HDM2 (grey) bound by a p53-derived peptide (yellow) and HDM2 bound by small 
molecule Nutlin-2 (upper) or a benzodiazepinedione (lower), d) HPV-18 E2 (grey) bound to HPV-
18 E1 (yellow) and HPV-11 bound by compound 18. The central panel depicts the small molecules 
superimposed on the target protein in its native PPI conformation. The contact surface is depicted 
in green for the native PPI interface and in orange for the small molecule binding site. (PDB 
entries: 1Z92, 1PY2, 2BZW, 2YXJ, 1YCR, 1RV1, 1T4E, 1TUE, 1R6N, 1F47, 1Y2F, 1TNF and 2AZ5). 
Figure from ref. 64, reprinted with permission from Nature Springer. 
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Whereas initial estimates of the ‘druggable genome’ provided a number of ~ 1,500 

individual proteins for which a drug can theoretically be found78, the establishment of PPI as 

a molecular target class significantly increases the range of opportunities for therapeutic 

intervention far beyond this number (currently the human interactome is estimated to 

include up to ~ 650,000 PPI79,80). In addition to this, PPI modulation as a therapeutic strategy 

provides a means to intervene in complex pathways driven by hard-to-drug proteins or where 

resistance against conventional therapies arises. Examples of intractable proteins that might 

be brought into the range of drug development programs by targeting their PPI include 

intrinsically disordered domains lacking small molecule binding pockets, constitutively active 

disease mutants rendered insensitive to small molecule binding, and families of enzymes 

with a high level of conservation in their active site.81,82 Furthermore, it is important to keep 

in mind that a large number of proteins has been found to not have an individual function at 

all, and only perform tasks in the context of their network.13,14  

 

Stabilization versus inhibition: orthogonal strategies for PPI modulation  

The conceptual strategies for PPI modulation distinguish stabilizing and inhibiting mode 

of actions (Figure 1.3), yet whereas inhibitors have taken the stage, the development of 

stabilizers is largely lacking behind.83–86 The rationale for PPI stabilization and specific 

examples of their successful application illustrating the promise of this strategy will be 

discussed in more detail in the following sections. Nonetheless, despite several initial FDA 

approved modulators for PPI and advanced clinical candidates it remains an extremely 

challenging target class.87 

 

Figure 1.3 | Two orthogonal strategies for PPI modulation. A small molecule PPI modulator can 
have an inhibitory or stabilizing effect on a complex via an orthosteric or allosteric mode of action. 

 



 Stabilization of protein-protein interactions as a drug discovery strategy 

 

7 

Validation for PPI stabilization is provided by Nature 

Several natural products have impressively illustrated the success of stabilizing protein 

complexes as a therapeutic strategy. Early examples include paclitaxel (Taxol®, Bristol-Myers 

Squibb; a diterpenoid extract from the Pacific yew tree Taxus brevifolia that was already 

isolated and structurally elucidated in the early 1970s) and its semisynthetic derivative 

docetaxel (Taxotère), for which it was retrospectively found they act as stabilizers of tubulin 

heterodimers.88–90 Additional natural products that have been used as therapeutic agents for 

many years are the immunosuppressants rapamycin (Rapamune®, Pfizer), cyclosporin 

(Sandimmun®, Novartis Pharmaceuticals) and FK506 (Prograf®, Astellas Pharma) (Figure 

1.4).85,91 These resulted from Schreiber and Crabtree’s pioneering work on designing 

synthetic ligands that induce protein oligomerization to control cellular signal transduction 

pathways which were subsequently termed ‘chemical inducers of dimerization’ (CID).92–95 

The final example highlighted here is that of Fusicoccin (FC), the major toxin produced by 

the fungus Phomopsis (synonym Fusicoccum) amygdali Del96,97 responsible for the pathology 

of wilting plants induced by this fungus. FC was found to bind and stabilize the protein 

complex of the plant plasma membrane H+-ATPase (PMA) and 14-3-3 proteins.98,99 The 

stabilatory activity of FC-A towards 14-3-3 PPI will be discussed in more detail in following 

sections. 

 

Figure 1.4 | Natural product PPI stabilizers.91 Chemical structures and X-ray co-crystal complexes 
for representative examples of natural product ‘molecular glues’: Rapamycin, Cyclosporine A, 
FK506, Fusicoccin A. Adapted from ref. 91, reprinted with permission from Elsevier. 

In the next section, a similar brief highlight is provided for synthetic small molecule PPI 

stabilizers to illustrate the current standing of this field. For extensive reviews on both natural 

product-based and synthetic small ligand PPI stabilizers the reader is directed to the 

literature.84–86,91  
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Synthetic approaches to PPI stabilization 

Despite being relatively scarce compared to inhibitors, the number of reported synthetic 

PPI stabilizers has increased in recent years. Small synthetic molecules directly engaging both 

protein partners displaying a ‘molecular glue’ mode of action, have been identified that act as 

stabilizers for complexes existing of two or more copies of the same domain (Figure 1.5).85 

These include the ‘bivalent’ stabilizer biBET for a dimer of the bromodomain (BRD)4, which 

is a member of the bromodomain and extraterminal (BET)-subfamily and associated with the 

translation of the oncogene c-Myc.100,101 Tafamidis is a thyroxine (thyroid hormone T4) mimic 

and binds with a 2:4 stoichiometry to the native tetramer of its target protein transthyretin, 

thereby preventing it from disassembly into aggregation-prone monomers, providing an entry 

for treatment of transthyretin amyloid cardiomyopathy, caused by amyloid fibrils.102–106 BMS-

202 induces dimerization of the programmed cell death protein 1 ligand (PD1L) that in turn 

forms tetramers, which inhibits the PD1L/PD1 interaction. BMS-202 in this way acts as a 

checkpoint inhibitor for tumor cells, resulting in restored T-cell activation. 

A complementary synthetic concept based on the strategic stabilization of protein 

complexes is to induce protein degradation, for which significant progress has been reported 

in the last years.107,108 Bifunctional molecules comprised of an E3 ubiquitin ligase affinity tag 

connected via a linker, to a high-affinity ligand for a protein of interest, are known as 

PROTACs (proteolysis-targeting chimera). Immunomodulatory drugs (IMiDs), including 

thalidomide109,110 and lenalidomide111,112 have retrospectively also been identified as enabling 

a similar mechanism.113,114 Small molecule degraders have furthermore been reported with a 

different mode of action, engaging both protein targets simultaneously yet still aiming to 

hijack the ubiquitin proteasome system.115 

 
Figure 1.5 | Small molecule PPI stabilizers.85 Chemical structures and X-ray co-crystal complexes 
for representative examples of synthetic ‘molecular glues’: biBET, tafamidis, BMS-202, and 
lenalidomide. Adapted from ref. 85, reprinted under a CC BY-NC-ND 4.0 International License. 



 Stabilization of protein-protein interactions as a drug discovery strategy 

 

9 

Together, these efforts contribute to the overall excitement of the early days in an 

exhilarating field, further encouraged by the prospects ahead towards gaining access to 

previously ‘undruggable’ targets, whereas major challenges require addressing to unlock the 

potential. The focus of the work presented here lies on the enhancement of endogenous 

regulatory protein hubs. Let us in the next section therefor consider the special case of 14-3-3 

proteins as potential subjects for PPI stabilization, which are particularly interesting due to 

their large number of interaction partners and extensive involvement in cellular processes. 

 

PPI modulation of hub proteins: targeting the 14-3-3 interactome 

14-3-3 proteins are dimeric adaptors that bind specific, (mostly) phosphorylated sequences 

of their client proteins in the central binding groove of each monomer116–118 (Figure 1.6). 

 

Figure 1.6 | 14-3-3 binding to a client-derived phosphorylated motif. Front view (a) and top view (b) 
of a 14-3-3ζ dimer (white semi-transparent surface, cartoon and sticks representation) bound by a 
C-Raf peptide (rainbow, sticks representation) containing two phosphorylated serine residues 
(pS233, green-to-blue; pS259, red-to-lime) each bound to a 14-3-3 monomer (c, side views). Part of 
the peptide for which no density was observed is depicted as a green dotted line. Water molecules 
are depicted as red spheres. Polar interactions are depicted as yellow dotted lines. (PDB entry 4FJ3) 
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14-3-3 proteins were first described by Moore and Perez in 1967, who isolated it as an 

acidic brain protein.119 Over time, several hundred cellular interaction partners have been 

reported for 14-3-3 proteins which are thus involved in a wide range of signaling pathways and 

physiological processes by binding and influencing their clients’ folding, dimerization, 

subcellular localization, stability or activity.120–122 Seven mammalian 14-3-3 isoforms have been 

described (denoted by α/β, γ, σ, δ/ζ, η, ε and τ)123 which are highly conserved both in sequence 

and among species. Disease areas of relevant 14-3-3 targets include neurodegeneration 

(Tau124,125, α-Synuclein126), cancer (C-Raf117,127, p53128,129, YAP130, c-Myc131) and cystic fibrosis 

(CFTR)132. Many complexes have been characterized in X-ray structures of 14-3-3 bound by 

client-derived peptides. This comprises the current ‘gold standard’ in 14-3-3 PPI structural 

studies. Only five co-crystal structures have been reported so far of 14-3-3 bound to larger 

protein domains; of AANAT, PMA2, Hd3a, HSPB6 and most recently B-Raf (Figure 1.7). 

 

Figure 1.7 | 14-3-3 in complex with larger protein domains. 14-3-3 (white/grey surface and cartoon) 
bound to AANAT (orange, a), PMA2-CT52 (blue, b), Hd3a (green, c), HSPB6 (red, d) and B-Raf 
(teal, e). Adapted from ref. 133, reprinted under a CC BY-NC-ND 4.0 International License. (PDB 
entries: 1IB1, 2O98, 3AXY, 5LTW and 6U2H) 
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14-3-3 PPI thus comprise emerging targets for therapeutic intervention in disease.134,135 14-

3-3 signaling pathways are highly complex and context-dependent122,136 and cellular isoform 

selectivity is difficult to study137,138, yet increasing evidence suggests a tumor suppressor 

function of the sigma isoform (14-3-3σ)128,139–142, for example in breast cancer143,144 whereas 

zeta (14-3-3ζ) is associated with poor prognosis145,146. Physiological relevance for modulation 

of 14-3-3 target PPI by inhibiting or stabilizing the complexes entirely depends on the desired 

effect on client activity and thus requires careful investigation of the cellular context for each 

individual client. Initial efforts towards modulation of 14-3-3 PPI have yielded a range of 

inhibitors and several stabilizers. Examples for both will be briefly discussed. 

One of the first peptidic 14-3-3 PPI inhibitors was identified by Fu and colleagues in a 

phage display approach, yielding R18147 (Figure 1.8a), which delivered initial proof-of-concept 

for a cellular effect by targeting 14-3-3 PPI using an expressible dimeric form of this peptide.148 

Peptide-small molecule hybrids have been designed as 14-3-3/Tau inhibitors (Figure 1.8b), 

with potential applications in Alzheimer’s disease.125,149 Small molecule inhibitors include 

phosphonate B2, identified by virtual screening150, and the supramolecular ligand CLR01, 

which specifically binds lysine residues.151 

 

Figure 1.8 | Peptide-based and small molecule 14-3-3 PPI inhibitors. Representative examples: a) 
R18, b) Tau-small molecule hybrids, c) B2 in the phospho-accepting pocket, d) CLR01 molecular 
tweezer. Adapted from ref. 133, reprinted under a CC BY-NC-ND 4.0 International License. 
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The examples in Figure 1.8 comprise a subset of reported 14-3-3 PPI inhibitors, yet the 

natural product Fusicoccin (Figure 1.4); FC-A and its close derivatives152–154 - remain the only 

validated small molecules enhancers of 14-3-3/client complexes. Specifically, FC-A was found 

to stabilize 14-3-3 PPI of mainly C-terminal client-derived motifs, as we have seen above for 

PMA, and which also includes the Estrogen Receptor (ERα).155,156 Upon phosphorylation of its 

penultimate threonine residue (T594), ERα binds to 14-3-3, which acts as a negative regulator 

of ERα by reducing dimerization, cytosol-nuclear transport, and transcriptional activity, 

resulting in decreased breast cancer cell growth (Figure 1.9a).156 This effect was shown to be 

enhanced by FC-A (Figure 1.9b), by binding as ‘molecular glue’ to the 14-3-3/ERα complex 

(Figure 1.9c).156  

 

Figure 1.9 | Stabilization of 14-3-3/ERα by Fusicoccin-A. a) Simplified schematic of the cellular 
signaling pathway for the Estrogen Receptor (ERα) and rationale for a small molecule stabilizer for 
the interaction between ERα and 14-3-3. b) Effect of Fusicoccin (FC, 10 µM) on E2-induced ERα 
gene activation as observed from normalized luciferase activity data. Figure in panel b reprinted 
from ref. 156. c) Close up view of 14-3-3 (semitransparent surface, white sticks) bound by ERα 
phosphopeptide (green sticks) and FC-A (yellow sticks) in the binding pocket. Water molecules are 
depicted as red spheres. Polar interactions are depicted as black dotted lines. (PDB entry 4JDD) 

The inhibition of ERα transcriptional activity by stabilization of its 14-3-3 bound state 

comprises an alternative mechanism for regulation of this steroid hormone receptor, with 

therapeutic potential in ERα-positive breast cancers which comprise approximately 75 % of 
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all breast cancer cases. The selective ER modulator tamoxifen efficiently competes for binding 

with the endogenous ligand hormone 17β-estradiol (estrogen E2) and stabilizes the ligand-

binding domain (LBD) in its inactive conformation.157 Whereas tamoxifen is highly effective, 

resistance in about half of the patients with recurrent disease is a major problem.158–161 There 

is thus an unmet clinical need for therapeutic approaches with alternative molecular 

mechanisms. The small molecule stabilization of 14-3-3/ERα is envisioned as a promising 

strategy to address this challenge.  

Since the systematic stabilization of PPI requires an innovative drug discovery approach, 

a relatively new target-directed screening method with a track record of success for hard-to-

drug protein targets will be briefly discussed in the next section, which will also provide a 

bridge to the aim and outline of the work described in this thesis. 

 

The potential of a fragment-based approach in early discovery 

The past decade has seen a major increase of successful fragment-based approaches in 

the search for new drug leads.162–164 Fragments are low molecular weight chemical moieties 

(typically MW < 300 Da) which enable more effective coverage of chemical space and require 

smaller screening libraries while containing structurally diverse chemistry.165,166 Early work 

by Hajduk, Fesik, and colleagues reported on NMR-based discovery of fragments binding to 

proximal sites, followed by optimization via linking two fragments, yielding high-affinity 

ligands.167,168 Several key examples since then have aided in the establishment of the concept 

of fragment-based lead discovery, including the optimization of allosteric inhibitors of the 

oncogenic fusion BCR-ABL1 tyrosine kinase169, of which ABL001 (Asciminib, Novartis) is 

currently in phase 3 clinical trials.170,171 Fragment-based approaches typically heavily depend 

on the availability of X-ray co-crystal structures to enable structure-based optimization of 

screening hits172, yet combining other biophysical methods has also been shown to be 

successful for the advancement of fragment hits.173 Currently three compounds have been 

approved for clinical use that were discovered by a fragment-based approach: vemurafenib 

(ZelborafTM, Plexxicon; B-Raf(V600E) inhibitor for the treatment of metastatic melanoma, 

2011)174,175; venetoclax (VenclextaTM, AbbVie / Genentech; Bcl-2 inhibitor for the treatment of 

chronic lymphocytic leukemia (CLL), 2016)70,176; and since recently erdafitinib (BalversaTM, 

Astex / Janssen (Johnson & Johnson); fibroblast growth factor receptor (FGFR) kinase 

inhibitor for the treatment of metastatic urothelial carcinoma, 2019); and more than 45 others 

are in the clinical development stage. Since this field gained enormous momentum, 
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interesting examples are numerous where the first provides an even more interesting story 

than the next. Since this would result in an endless introduction to this dissertation, the 

interested reader is therefore redirected to Dan Erlanson’s Practical Fragments blog177, which 

provides one of the most experts’ views on recent developments in this exciting field. 

The potential of a fragment-based approach for adaptive interfaces and PPI modulation 

has been brought forward by site-directed strategies including disulfide trapping179–181, as 

illustrated for the interaction between interleukin-2 (IL-2) and its receptor IL-2R (Figure 

1.2)67–69,182, a gain-of-cysteine mutant of K-Ras(G12C)183, and 3-phosphoinositide-dependent 

kinase 1 (PDK1)184 resulting in the discovery and engagement of novel regulatory allosteric 

sites and yielding highly selective modulators for these target interfaces. 

Briefly, protein interfaces have yielded to screening and medicinal chemistry efforts 

resulting in the development of PPI inhibitors, with increasing success. Yet, of the relatively 

modest number of examples for PPI stabilizers the majority has been identified post hoc and 

only very few have been deliberately searched for.85,185,186 Intentional screening for PPI 

stabilizers comprises a huge challenge yet enormous therapeutic potential exists in this field. 

Fragment-based approaches present an excellent opportunity to start to address this major 

unmet need. 

 

Aim and outline of this thesis 

Protein-protein interactions (PPI) are essential in cellular signaling and have since 

roughly two decades been welcomed into the domain of the ‘druggable’ target classes. Yet, 

PPI stabilization, as opposed to inhibition, has remained vastly underexplored. Systematic 

screening efforts for small molecule enhancers binding two protein partners simultaneously 

are largely absent from the literature. 

The interactions of the hub protein 14-3-3 provide both a plethora of physiologically 

relevant pathway interference options as well as an excellent model system for the 

development of discovery strategies for small molecule PPI stabilizers. Whereas stabilization 

as a conceptual strategy has been validated for several 14-3-3 PPI by the natural product 

Fusicoccin-A and its close derivatives, the identification of novel chemical starting points for 

the development of selective stabilizers comprises an unexplored area.  

Fragment-based approaches have emerged as a powerful drug discovery tool and might 

be exceptionally well suited for the identification of PPI stabilizers. The work described in this 

thesis aims to investigate innovative fragment-based screening strategies directed at the 

discovery of PPI stabilizers and yielding new chemical starting points for further 
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developments of therapeutics and tool compounds. Whereas this initial exploration will be 

directed at 14-3-3/client complexes, the obtained insights are anticipated to be widely 

applicable and useful for other disease-relevant PPI target classes, empowering the 

advancement of systematic stabilization of PPI towards a future therapeutic paradigm. 

An initial exploration of 14-3-3 ‘ligandability’ by low molecular weight fragments is 

presented in Chapter 2. Ligand-based NMR screening has been shown to be a powerful 

method for the detection of low-affinity molecules binding at a protein surface187,188 and 

fragment-based approaches have resulted in the discovery of allosteric sites on several protein 

targets.169,183,189,190 Here, a fragment-based NMR screen is applied to find fragments binding 

to the complex of 14-3-3 bound by a client-derived phosphopeptide. The results are validated 

by X-ray crystallography, revealing two secondary sites on 14-3-3 outside the primary phospho-

accepting groove. It is subsequently found that these sites are highly conserved among 14-3-3 

isoforms and are located in an important interface, as highlighted by crystallographic overlays 

with co-crystal structures of 14-3-3 in complex with globular protein domains of four binding 

partners, illustrating the importance of these secondary sites. 

Aiming to discover fragments at a previously validated druggable pocket for the 

interaction between 14-3-3 and the phosphorylated C-terminus of the Estrogen Receptor 

(ERα), Chapter 3 describes a site-directed approach based on disulfide-trapping (‘tethering’). 

Several cysteine-containing 14-3-3 variants are screened against a disulfide-containing library 

in reducing conditions, in apo and client peptide-bound state. Stabilization activity for selected 

hits is confirmed in dose-response experiments and mode of action is elucidated in X-ray co-

crystal structures. Together, the data presented in this chapter validates a first intentional and 

generalizable screening concept for the discovery of PPI stabilizers using disulfide trapping, 

illustrating the suitability of a site-directed fragment-based approach for addressing inherent 

limitations of conventional ligand screening campaigns. 

An overview of follow-up studies focusing on the druggability of the target pocket and 

stabilization behavior of a range of fragments binding that site is presented in Chapter 4. 

Additional disulfide primary screening data, and the synthesis and evaluation of a small 

library of derivatives of the main hit scaffold are discussed. Initial structure-activity 

relationships and several co-crystal structures are obtained. Furthermore, the results of a 

second disulfide trapping screen on 14-3-3, in complex with a C-Raf-derived bivalent 

phosphopeptide, yielding three additional co-crystal structures is described. Finally, a 

reflection on the selection criteria of hits and the implications for stabilatory activity towards 
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the protein/peptide complex screened against is provided, with specific attention for the 

cysteine residue positioning and screening conditions including stringency. 

Chapter 5 describes the biophysical validation and structural characterization of three 

hypothesized 14-3-3 binding motifs in two Nuclear Receptors. The modulation of 

transcription factors by 14-3-3 binding has been proposed as an alternative regulatory 

mechanism for their activity.122,156,191,192 Interestingly, one of the motifs displays an accessible 

cysteine residue oriented towards the 14-3-3 druggable pocket, ideally located for a site-

directed screening effort analogous to that described in Chapter 3. The potential of a more 

direct read-out is investigated, aiming for selecting stabilizers by an ‘FP-tethering’ screening 

effort. This strategy yields a co-crystal structure of a PPI stabilizing hit fragment trapped to 

the cysteine residue of the 14-3-3 client peptide. 

The field of 14-3-3 drug discovery is privileged to access a wealth of structural information 

for the target, allowing a structure-based computational paradigm.193 This is explored in 

Chapter 6, aiming to investigate if this pocket can also be exploited for the development of 

stabilizers. The approach initiates from the central importance of the phospho-group as the 

main pharmacophore of 14-3-3 client motifs as well as known inhibitors. By applying a virtual 

screen and molecular docking, indeed selective stabilizers for the interaction between 14-3-3 

and a α-helical client-derived peptide are discovered, that bind in the phospho-accepting 

pocket. A crystal structure and a library of derivatives for the main hit establishes a structure-

activity relationship and explains the selective stabilatory activity. 

Finally, Chapter 7 provides a reflection on the implications of the results presented in this 

dissertation, followed by preliminary insights from currently ongoing work, together with 

future perspectives. Anticipated challenges related to hit optimization and envisioned 

strategies to address these towards the further development, characterization and application 

of PPI stabilizers, will be discussed. 

Together, the data presented in this thesis provide solid proof for a fragment-based 

approach enabling PPI stabilization, and validate several innovative strategies for hit finding, 

thereby contributing to the promising future of this field.  
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Abstract 

Multiple small molecules for the modulation of 14-3-3 protein-protein interactions (PPIs) 

have been disclosed; however, they all target the conserved phosphopeptide binding channel, 

so that selectivity is difficult to achieve. This work reports the discovery of two individual 

secondary binding sites that have been identified by combining nuclear magnetic resonance 

(NMR)-based fragment screening and X-ray crystallography. This first identification of small 

molecule ligands occupying secondary sites on 14-3-3 might facilitate the development of new 

chemical tool compounds for more selective PPI modulation. 
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Introduction 

14-3-3 proteins play an important role in many physiological processes and are implicated 

in a number of human diseases ranging from cancer and neurodegeneration to metabolic 

disease and infection.1–3 These widespread functions are explained by the fact that 14-3-3 

proteins interact with several hundred proteins in human cells.4 Hence, small molecule 

modulation of the extensive protein-protein interaction network of 14-3-3 proteins is of 

significant biomedical interest, but at the same time, obtaining specificity is highly 

challenging. In recent years, it has been shown that 14-3-3 proteins can be targeted by natural 

products and their derivatives5–10, modified peptides11,12, “classic” small molecules13,14, and 

supramolecular ligands15,16. These compounds act as inhibitors or stabilizers of 14-3-3 PPIs, 

to obtain the desired effect on the activity, dimerization, or cellular localization of the binding 

partner and depending on its normal effector function in cellular pathways. For example, it 

was shown that stabilization of the inhibitory 14-3-3/C-Raf interaction by the natural product 

Cotylenin A leads to tumor shrinkage in a mouse model.6 Likewise, a related natural product, 

Fusicoccin A, can stabilize the interaction of 14-3-3 with CFTR, a chloride channel functionally 

impaired in cystic fibrosis. Stabilization of this interaction increases the level of plasma 

membrane localization of this channel, which could be a new therapeutic strategy in the 

treatment of cystic fibrosis.10 One example in which inhibition of binding to 14-3-3 would be 

desirable is Pseudomonas aeruginosa pathogenicity factor Exoenzyme S (ExoS).17 Here, 

modification of the original ExoS-derived 14-3-3 binding motifs shows significantly increased 

affinity for 14-3-3 and could be a valuable starting point for the development of 14-3-3/ExoS 

PPI inhibitors.11,18 

So far, all reported 14-3-3 binding molecules are accommodated in the central groove of 

the 14-3-3 proteins and thereby directly interfere with binding of the mostly phosphorylated, 

primary interaction motifs of their target proteins, resulting in the lack of specificity. 

Therefore, we believe it would be of great value to identify small molecules binding outside 

of the central binding groove, as they may provide anchor points for the development of 

modulators affecting smaller subsets of the 14-3-3 interactome. In PPI drug discovery, most 

efforts have resulted in inhibitors, whereas in many interactions of 14-3-3 with binding 

partners, it would be highly relevant to stabilize, as described above for C-Raf and CFTR. 

Interestingly, stabilizing a protein-protein interaction has the added benefit of being more 

selective, because a small molecule stabilizer targets a select interface formed by multiple 

proteins. 
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One of the proteins for which 14-3-3 PPI stabilization would be desirable but has not yet 

been achieved is TAZ (transcriptional coactivator with a PDZ binding motif), which was first 

reported in 2000 as a 14-3-3 binding protein.19 TAZ function has been linked to mesenchymal 

stem cell differentiation, to the development of limb, heart, bone, muscle, fat and lung 

tissues,20 and to mechanotransduction21. Like the related transcriptional coactivator YAP (Yes-

associated protein), TAZ is a major effector of the Hippo pathway - named after a Drosophila 

mutant showing significant aberrations in organ size control.22,23 Active TAZ and YAP 

migrate from the cytoplasm to the nucleus where they can form hybrid transcription factors 

with TEA domain (TEAD) family proteins. In this way, TAZ drives the expression of genes 

that lead to cell proliferation, survival, migration, and invasion, and thus, an increased level 

of activation of TAZ is observed in many cancers.24 Regulation of YAP/TAZ activity is 

complex and involves a number of upstream kinases,22,24,25 of which large tumor suppressor 

1/2 (LATS1/2) directly phosphorylates TAZ at Ser89 and YAP at Ser127, thus facilitating 

binding of 14-3-3 proteins.26 When in complex with 14-3-3, YAP/TAZ are sequestered in the 

cytoplasm and are thus functionally inactivated.19,27 Although in recent years a flurry of 

studies of the complexity of influences on the Hippo pathway and YAP/TAZ activity have 

been published, including the involvement of mechanotransduction21 and metabolic and 

nutrient inputs,28 nuclear availability and transcriptional responses of YAP/TAZ remain the 

ultimate outcome of all these impacts. Thus, compounds that can interfere with these nuclear 

activities may represent a “universal” anti-YAP/TAZ approach.25 For this reason, we aim for 

a small molecule stabilizer of the TAZ/14-3-3 interaction, which is expected to prevent 

translocation of the complex into the nucleus. We crystallized 14-3-3 bound to a TAZ-derived 

phosphopeptide, which was found to fully occupy the binding groove, analogous to the 

binding mode of a YAP phosphopeptide.29 Subsequently, we aimed to screen for chemical 

matter that could potentially modulate the interaction with TAZ, which required a different 

approach as the prominent binding site on 14-3-3 where PPI modulators bind is unavailable 

in this binary structure. 

A recent study by Astex Pharmaceuticals, in which more than 5000 in-house crystal 

structures determined in the context of fragment-based ligand discovery projects were 

analyzed, revealed the existence of previously unrecognized secondary binding sites in each 

of the 24 analyzed protein targets.30 In addition, for 16 of these targets, multiple sites (up to 

six) could be discovered, suggesting that the occurrence of secondary sites that can 

accommodate small molecules is a general feature of most, if not all, proteins. This finding 

caught our attention and made us wonder if this feature also holds for and could be exploited 



Chapter 2 

 

28 

in the case of 14-3-3 proteins and the search for new, more selective 14-3-3 PPI modulators. 

Therefore, we set out to screen the Novartis in-house fragment library against 14-3-3 in its apo 

form and in complex with a TAZ phosphopeptide. These complementary screens serve two 

purposes. The first is to identify novel fragments binding outside of the known 14-3-3 central 

binding groove, as it is blocked by the peptide. For the second, we hoped to detect fragments 

only interacting simultaneously with both 14-3-3 and the TAZ peptide as these could provide 

starting points for the development of 14-3-3/TAZ interaction stabilizers. 

This chapter reports on the results of this pioneering study and highlight the discovery of 

two individual secondary sites on 14-3-3 proteins. By employing nuclear magnetic resonance 

(NMR)-based fragment screening, we identified hit molecules binding to the binary complex 

of 14-3-3 and the TAZ phosphopeptide. X-ray crystallography then revealed the binding of 

these hit molecules at two surface-exposed sites, ~ 20 Å from the central phospho-accepting 

groove of 14-3-3. The biological relevance of these sites is supported by their high degree of 

conservation among the 14-3-3 isoforms, as well as the previously elucidated crystal structures 

of 14-3-3 with serotonin N-acetyltransferase,31 H+-ATPase PMA2,32 and plant transcription 

factor FT,33 which clearly show that these sites are part of an interaction surface. This study 

opens up new possibilities for more specific 14-3-3 PPI modulation without targeting the 

central phosphoserine/-threonine binding pocket of this adaptor protein. 

 

The 14-3-3σ/TAZpS89 complex as a model system for studying ‘ligandability’ 

In the context of the biological activities and biomedical importance of the transcriptional 

coactivator TAZ, we initially set out to determine the structure of 14-3-3/TAZ complex and 

evaluate its ‘ligandability’ using a fragment-based approach. TAZ is highly homologous with 

Yes-associated protein (YAP). However, whereas a crystal structure has been reported for the 

YAP-derived phosphopeptide bound to 14-3-3 (PDB entry 3MHR),29 no structure has been 

described for 14-3-3/TAZ. To obtain a first picture of the interface, we co-crystallized a 

synthetic peptide derived from the TAZ sequence surrounding the phosphorylated Ser89 

(TAZpS89; residues 86 – 98) with 14-3-3. To this end, 14-3-3 and TAZpS89 were mixed in a 

1:1.5 molar ratio and set up for crystallization at a protein concentration of 12.5 mg/mL. Several 

isoforms of 14-3-3 were tested for co-crystallization and obtained robust and highly diffracting 

crystals with the σ isoform of 14-3-3 (14-3-3σ). A data set was collected to 1.80 Å resolution, 

and the structure was determined using the nearly identical 14-3-3σ/YAPpS127 structure 

(3MHR)29 as a search model.  
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The electron density allowed to build almost all 231 residues of the 14-3-3σ construct used 

for crystallization. Of the TAZ peptide, 10 of 13 residues could be modeled showing how 

TAZpS89 binds in an elongated conformation to 14-3-3σ and revealing an interface that spans 

the entire binding channel (Figure 2.1a). As in other crystal structures with phosphorylated 

14-3-3 binding motifs, key polar contacts are observed between the peptide and 14-3-3’s Lys49, 

Arg56, Arg128, and Tyr130 that together form the phospho-accepting pocket in 14-3-3. Asn42, 

Ser45, Asn175, and Asn226 establish contacts with the peptide’s main chain. A hydrophobic 

contact surface for Ser90, Pro91, and Leu94 of the TAZpS89 peptide is formed by Ile168, 

Gly171, Asn175, Ile219, and Leu222 of 14-3-3σ (Figure 2.1b), reflecting a PPI interface that is 

dominated by polar interactions but also shows important hydrophobic elements.  

 

 

Figure 2.1 | Crystal structure of the 14-3-3σ/TAZpS89 complex. a) Final 2Fo-Fc electron density 
(blue mesh, contoured at 1σ) of the TAZpS89 peptide (orange sticks) bound to 14-3-3σ (white 
surface). b) Details of the interaction illustrating 14-3-3σ residues important for binding of 
TAZpS89 (white sticks); polar interactions (black dotted lines), and hydrophobic contacts 
(semitransparent surface). c) The 14-3-3σ/TAZpS89 interface overlayed with ERα (green sticks) 
and Fusicoccin A (green lines and semitransparent spheres). This pocket is unavailable in the 14-
3-3σ/TAZpS89 structure as the TAZ peptide spans the entire central binding channel of 14-3-3. 
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As mentioned above, this structure is nearly identical to that of the 14-3-3 binding motif 

of YAP surrounding pS12729 (SI Figure S2.1). The only sequence deviation in the YAP and 

TAZ peptides used in co-crystallography with 14-3-3 can be found at position -2 with respect 

to the phosphorylated serine. In YAP, this residue is an alanine (Ala125), and in TAZ it is a 

serine (Ser87). This makes an additional polar contact to Trp230 of 14-3-3σ (Figure 2.1b). 

From the structure, it can be additionally observed that the glutamine at position +6 (Gln95) 

is clearly visible in the structure of 14-3-3σ with TAZpS89 (but not in that with YAPpS127), 

which makes an additional polar contact with Asp215 of 14-3-3σ (Figure 2.1b). 

Given the great biomedical potential of a 14-3-3/TAZ stabilizing compound, we undertook 

a combined NMR- and crystallography-based fragment screening. Our group has shown 

previously how small molecules of the Fusicoccin family stabilize the interaction of 14-3-3 

with targets like C-Raf, ERα, Gab, and CFTR.6,7,9,10 In all these cases, a prominent binding 

pocket is established between the C-terminus and the phosphorylated serine or threonine at 

the 14-3-3/peptide interface. As this pocket or parts thereof are entirely unavailable in the 14-

3-3σ/TAZpS89 interface (Figure 2.1c), it suggests that targeting of this interface with 

previously developed approaches might be challenging but at the same time creates an 

opportunity to find novel binding pockets for small molecules by fragment-based ligand 

discovery. 

 

Identification of 14-3-3 binding fragments with NMR 

To first assess the overall ability of 14-3-3 to bind fragments, we screened the Novartis core 

fragment library (~ 1400 molecules) using the apo form of the protein. Ligand-observed NMR 

experiments revealed a relatively high hit rate of nearly 8%. The screen was then repeated in 

the presence of the TAZ phosphopeptide described above (TAZpS89). Strikingly, only a 

handful of fragment mixtures displayed significant differences in ligand-observed NMR 

spectra between the apo form of the protein and the 14-3-3/TAZpS89 complex, and these 

differences were only small, suggesting a modulation of fragment binding affinity by the 

peptide rather than full displacement (SI Figure S2.2). Together, this suggests that binding 

of the vast majority of the hits is, in fact, independent of the peptide. Six fragments were 

confirmed to bind to the 14-3-3/TAZ complex as singles, and these were further investigated 

by protein-observed NMR experiments. Two fragments induced considerable chemical shift 

perturbations in two-dimensional (2D) 1H- 15N HSQC spectra (Figure 2.2).  
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Figure 2.2 | Chemical shift perturbations induced by binding of fragments NV1 (left) and NV2 
(right) to 14-3-3 in the apo form (top) and complexed with the TAZpS89 peptide (bottom). The 
reference 1H-15N HSQC spectrum of the 14-3-3/TAZpS89 complex is colored gray, that of the 14-3-
3/TAZpS89/NV1 complex yellow, and that of the 14-3-3/TAZpS89/NV2 complex magenta. In 
addition to 100 µM 14-3-3, the samples contained (A) 1 mM NV1; (B) 150 µM TAZ and 1 mM NV1; 
(C) 1 mM NV2; and (D) 150 µM TAZ and 1 mM NV2. 2D 1H-15N HSQC spectra were recorded as 
described in the Experimental section. 

Interestingly, for both fragments, the observed chemical shift perturbations were of 

comparable magnitude when measured in the presence and absence of the phosphorylated 

TAZ peptide, again suggesting a lack of full displacement by the peptide. Despite the results 

from protein-observed NMR experiments, all six initial fragment hits were used to start crystal 

soaking experiments. 
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Two secondary binding sites in 14-3-3 identified by X-ray crystallography 

The six fragment hits from the NMR-based screen were soaked into crystals of 14-3-3σ and 

the synthetic TAZ-derived peptide described above (TAZpS89). Additional electron density 

could be observed for fragments NV1 and NV2 (Figure 2.3a,b). 

These correspond to the two fragments for which chemical shift changes were observed 

in HSQC experiments. Both fragments were found not to bind in the proximity of the central 

binding groove, but at two neighboring but distinct pockets located on the “upper” rim of the 

14-3-3 monomer ~ 20 Å from the basic cluster that accepts the phosphorylated serine or 

threonine residue (Figure 2.3c,d). NV1 binds near the loop connecting helices 8 and 9 of 14-

3-3 with its dimethylbenzyl pointing into a hydrophobic surface pocket lined by two 

methionine side chains (Met202 and Met229) with further contact surface contributed by 

Phe198, Thr217, Gln221, and Tyr213 (Figure 2.3e). Fragment NV2 occupies a shallow pocket 

also formed between helices 8 and 9 and comprised of Ile191, Phe198, Leu223, Leu227, and 

Thr231 as well as the hydrocarbon parts of Lys195 and Arg224 (Figure 2.3f).  

Binding of both fragments to such remote pockets is somewhat unexpected considering 

they were selected on the basis of differential behavior in wLOGSY experiments (SI Figure 

S2.2); however, it corresponds well with the observation that ligand-observed NMR 

experiments suggested no full displacement by the peptide, and chemical shift perturbations 

induced by binding of these fragments to 14-3-3 in the presence and absence of the TAZ 

peptide (Figure 2.2). 
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Figure 2.3 | Crystal structures of fragments NV1 and NV2 binding to 14-3-3. NV1 (a; yellow sticks) 
and NV2 (b; magenta sticks) binding to 14-3-3σ (gray surface). The final 2Fo-Fc electron density 
map (contoured at 1σ) is shown as a blue mesh. 14-3-3σ monomer (gray) in complex with TAZ (c,d; 
residues 87 – 95, orange sticks) and NV1 (c; yellow spheres) or NV2 (d; magenta spheres). Detailed 
view of the 14-3-3 residues in the binding site of NV1 (e) and NV2 (f). 
 

Binding affinity of fragments for the 14-3-3/TAZpS89 complex 

Considering the novelty of the binding sites and the fact that crystallography can detect 

even weak interactions, binding affinities were determined by NMR. Titration experiments 

with apo 14-3-3 and the 14-3-3/TAZpS89 complex were performed for fragment NV2, as the 

chemical shift perturbations induced by fragment NV2 were larger in magnitude than those 

for fragment NV1. In line with the observations of binding to a distant pocket illustrated above 

(Figure 2.3) and similar chemical shift perturbations induced by fragment hits in the presence 
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and absence of the TAZ peptide (Figure 2.2), the NMR binding affinities for apo 14-3-3 and 

the binary 14-3-3/TAZpS89 complex were very similar and in the range of 1 mM (Figure 2.4), 

which corresponds to a moderate ligand efficiency of 0.27. 

 

Figure 2.4 | Binding affinity of fragment NV2 to the 14-3-3/TAZpS89 complex. A) Fragment NV2 
was titrated to a preformed complex of 100 mM 14-3-3 and 150 µM TAZpS89 (red) in 5 steps: 250 
µM (not shown), 500 µM (yellow), 1 mM (green) 2 mM (blue), 4 mM (not shown). B) Excerpt of 
spectrum A showing the resonance with the largest chemical shift perturbations. C) Fitting of data 
indicates a ~ 1 mM affinity. 

Fragment hit expansion: nearest neighbor analysis 

To probe the chemical space around the secondary binding sites and potential evolution 

of the fragment hits, analogs of NV1 and NV2 were tested by NMR. Ligand-observed 

experiments confirmed the binding of 12 additional fragments, which were then soaked into 

crystals of the 14-3-3/TAZpS89 complex, yielding an additional crystal structure for fragment 

NV3 (Figure 2.5). Like NV2, the fragment bound to a shallow pocket comprised of Ile191, 

Lys195, Asp199, Phe198, Leu223, Arg224, Leu227 and Thr231 (Figure 2.5b). In comparison 

with the apo structure, binding of NV2 and NV3 induces a 90° shift of the Arg224 side chain 

away from the fragment and a less prominent rotamer shift of Lys195 toward the fragment.  
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Figure 2.5 | Crystal structure of fragment NV3 binding to 14-3-3. a) NV3 (orange sticks) binding to 
14-3-3σ (gray surface). The final 2Fo-Fc electron density map (contoured at 1σ) is shown as a blue 
mesh. b) Structural comparison of the 14-3-3 residues in the NV3 binding pocket in the presence 
(white sticks) and absence (green sticks) of NV3. 

Besides NV3, which is a close analog of NV2, no additional structures could be obtained 

for the NV2 series. We believe that this is due to the crystal packing of 14-3-3 molecules that 

does not leave much space to accommodate larger fragments. 

 

Conservation of the secondary binding sites among 14-3-3 isoforms 

14-3-3 proteins are highly conserved among eukaryotes with sequence similarities between 

different species and intraspecies isoforms of around 50 %.34 In humans, seven 14-3-3 

isoforms can be found, all of which have been structurally elucidated by protein 

crystallography.35 Structure-based sequence comparisons reveal that the high degree of total 

sequence similarity is distributed unevenly among the protein surface of the 14-3-3 isoforms 

(Figure 2.6).  

In the central binding groove, which mediates the interaction with their mostly 

phosphorylated partner proteins, the degree of conservation is almost 100 %. However, 

regions that are not directly involved in recognition of these primary interaction sites are 

significantly more variable, namely the “outer” surface of 14-3-3, opposite of the peptide-

binding grooves (Figure 2.6a).  

Interestingly, the binding sites of the fragments are highly conserved, although they are 

not directly part of the peptide-binding groove (Figure 2.6b). The only differences for the 

identified secondary sites among the seven human 14-3-3 isoforms are Met202, in the binding 

pocket of NV1, and Ile191, in the binding pocket of NV2 and NV3. All six other 14-3-3 isoforms 

display an isoleucine at the Met202 position of 14-3-3σ (SI Figure S2.3) and a cysteine at 

position Ile191 of 14-3-3σ (SI Figure S2.4). Whereas the methionine-to-isoleucine change can 
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be expected to be less relevant, the isoleucine-to-cysteine difference is much more substantial 

and could, for example, also be exploited for covalent fragment or compound binding. 

 

 

Figure 2.6 | Conservation of surface-exposed residues among human 14-3-3 isoforms. a) Residue 
conservation of the seven human isoforms of 14-3-3 determined with ConSurf36 after amino acid 
sequence alignment of the seven human isoforms of 14-3-3 performed with ClustalOmega37. 
Corresponding protein entries (UniProt) P62258 for 14-3-3ε; P31947 for 14-3-3σ; Q04917 for 14-3-
3η; P61981 for 14-3-3γ; P27348 for 14-3-3τ; P31946 for 14-3-3β; and P63104 for 14-3-3ζ. The 
TAZpS89 peptide is shown as green sticks. b) The positions of the binding pockets of the 
fragments are indicated by yellow circles. 

 

Such a high degree of conservation in protein surfaces usually suggests a functional 

relevance in, for example, ligand binding or protein-protein interactions. Indeed, three crystal 

structures of 14-3-3 in complex with a partner protein extending the primary, peptidic binding 

motif have been reported: serotonin N-acetyltransferase (AANAT)31, plant proton pump 

PMA232, and plant transcription factor FT (Hd3a)33. 
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Involvement of secondary sites in 14-3-3 PPIs 

Most of the crystal structures published in the PDB until now for 14-3-3 have been binary 

complexes of the 14-3-3 protein bound to a phosphorylated peptide derived from the 

interaction partner. As stated before, these phosphorylated motifs bind in the central 

recognition groove of 14-3-3, and this has become the state of the art in crystallographic studies 

of 14-3-3 PPIs. However, as it is becoming more apparent that additional interaction surfaces 

are involved in the affinity and recognition of PPIs and may contain ‘hot spots’ for more 

specific PPI modulation, the examples of AANAT31, PMA232, and plant transcription factor 

FT (Hd3a)33, describing larger protein domains bound to 14-3-3, are highly relevant with 

respect to 14-3-3 drug discovery efforts. We were interested in seeing if the fragment-bound 

secondary sites we identified are part of the interaction interfaces in these binary structures. 

Indeed, AANAT and PMA2 bind to 14-3-3 in the proximity of the NV1 pocket (Figures 2.7 and 

2.8), and the Hd3a protein docks onto 14-3-3 at the surface in which both secondary site 

pockets are located (Figure 2.9). In the next section, we will go into some detail describing 

these structures. 

 

The 14-3-3ζ/AANAT complex  

Serotonin N-acetyltransferase (AANAT) catalyzes the transfer of an acetyl group from 

acetyl-coenzyme A to serotonin, thereby producing the precursor of melatonin. Melatonin 

levels are strictly coupled to the daily rhythm, with high levels occurring at night and thus 

providing a hormonal signal of environmental lighting, which can be used to optimize 

circadian physiology.38,39  

In 2001, the group of Dyda published the crystal structure of 14-3-3ζ in complex with 

AANAT showing that binding to 14-3-3 significantly increases its affinity for its substrate 

serotonin, thus activating the enzyme.31 In the crystal structure, two AANAT molecules 

(residues 18 – 196) bind to the central channel of a 14-3-3ζ dimer (Figure 2.7a). In addition to 

the phosphorylation-dependent interaction of the N-terminus of AANAT in the central 

groove, the well-structured C-terminal part of the enzyme makes extensive contacts with the 

inner wall of the 14-3-3 dimer (Figure 2.7b). Here, the side chain of Glu43 in AANAT helix 1 

points into the NV1 binding site for interaction with 14-3-3 (Figure 2.7c). 

 



Chapter 2 

 

38 

 

Figure 2.7 | The secondary binding sites in relation to the 14-3-3ζ/AANAT complex. a) The complex 
of a 14-3-3ζ dimer (gray surface) bound to two AANAT monomers (orange surface) (PDB entry 
1IB1). b) Superimposition of the 14-3-3 structure with NV1 (yellow spheres and sticks) and NV2 
(magenta spheres and sticks), with one monomer of AANAT (orange cartoon and semitransparent 
surface) bound to one monomer of 14-3-3ζ. c) Detailed view of Glu43 side chain of AANAT binding 
in the vicinity of the NV1 pocket in 14-3-3. 

The T14-3c/PMA2-CT52 complex 

Almost all transport mechanisms at the plasma membrane of plant cells are energetically 

dependent on the electrochemical proton gradient, generated by H+-ATPase PMA.40–43 One 

of the most important regulatory events for PMA is phosphorylation of the penultimate C-

terminal threonine (Thr948) followed by binding of 14-3-3 proteins, which activates PMA.44,45 

This activation is strongly enhanced by the natural product fusicoccin,46,47 which fills a gap in 

the interface of 14-3-3 with the regulatory C-terminus (CT) of PMA.48 

The structure of the last 52 amino acids of the C-terminus of PMA isoform 2 (PMA2-

CT52) from tobacco (Nicotiana plumbaginifolia) in complex with 14-3-3 revealed two PMA C-

termini bound to one 14-3-3 dimer (Figure 2.8a).32 The 30 C-terminal amino acids bind as an 

elongated peptide and a short helix in the amphipathic groove of each 14-3-3 monomer, 

whereas the 22 N-terminal residues of PMA2-CT52 form a helix that perpendicularly leaves 

the 14-3-3 binding channel (Figure 2.8b). This helix comes into the proximity of the NV1 

binding pocket (Figure 2.8c), which suggests that a slightly extended molecule based on NV1 

could make direct physical contact with PMA-CT52 to modulate its interaction with 14-3-3.32 
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Figure 2.8 | The secondary binding sites in relation to the tobacco 14-3-3/PMA2-CT52 complex. a) 
Overview of the complex of the tobacco T14-3c dimer (gray surface) bound to two PMA2-CT52 
molecules (blue surface) (PDB entry 2O98). b) Superimposition of the 14-3-3 structure with NV1 
(yellow spheres and sticks) and NV2 (magenta spheres and sticks), with PMA2-CT52 (blue cartoon 
and semitransparent surface) bound to one monomer of T14-3c (gray surface). c) Detailed view of 
the main helix of CT52 binding in the vicinity of the NV1 pocket in 14-3-3. 

 

The 14-3-3/FT complex 

“Florigen” is a flowering-inducing molecule that is encoded by the highly conserved plant 

gene FLOWERING LOCUS T (FT).49,50 In 2011, it was shown that the FT protein from rice 

(Hd3a) binds to 14-3-3 proteins in the apical cells of shoots to form a complex that migrates 

into the nucleus where it interacts with basic leucine zipper (bZIP) transcription factor FD.33 

In the crystal structure, the entire construct of Hd3a (residues 6 – 170) is visible, making it 

the second-largest 14-3-3 partner directly after AANAT (residues 18 – 196) that has been co-

crystallized with 14-3-3. 

Two Hd3a molecules bind to one 14-3-3 (GF14c) dimer and occupy an interesting position, 

which is not part of the central binding channel as seen with all other clients of 14-3-3, 

including AANAT. Rather, Hd3a binds to the “upper” edges of the horseshoe-like 14-3-3 dimer 
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(Figure 2.9a). This site buries the pockets of NV1 and NV2 (Figure 2.9b). In particular, the 

hydrophobic interface in 14-3-3 that is used by the ring system of NV1 is occupied by Met63 

and Thr98 of Hd3a in the GF14c/Hd3a complex (Figure 2.9c). Likewise, the pocket of NV2 is 

used by Ser102 and Phe103 of Hd3a to bind GF14c (Figure 2.9c). Given the importance of the 

regulation of transcription factor FT by 14-3-3 proteins in plant physiology, small molecules 

that modulate this PPI might be useful for studying the molecular details of plant flowering. 

 

Figure 2.9 | The secondary binding sites of NV1 and NV2 in relation to the rice 14-3-3/FT complex. 
a) Overview of the complex of the 14-3-3 GF14c dimer (gray surface) bound to two FT molecules 
(green surface) (PDB entry 3AXY). b) Superimposition of the 14-3-3 structure with NV1 (yellow 
spheres and sticks) and NV2 (magenta spheres and sticks) bound to one monomer of 14-3-3σ (gray 
surface) with FT (green cartoon and semitransparent surface) bound to GF14c (gray surface). c) 
Detailed view of FT interactions at the surface containing both the NV1 and NV2 pockets in 14-3-3. 

Very recently, the crystal structure of 14-3-3σ in complex with small heat-shock protein 

HSPB6 has been published.51 Here, the 14-3-3 dimer forms an asymmetric complex with the 

dimer of HSPB6. The pockets of fragments NV1-NV3 are also part of the interface between 

the compact HSPB6 dimer binding to 14-3-3, further strengthening the significance of these 

secondary binding sites. 
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Conclusion 

Small molecule modulation of protein-protein interactions is currently one of the most 

promising and active fields in drug discovery and chemical biology. Hub protein 14-3-3 

interacts with several hundred partner proteins and is thus involved in nearly every 

physiological process and human disease. Hence, small molecules that can modulate these 

interactions are of great interest. We applied a fragment-based screen combining NMR and 

X-ray crystallography to identify chemical starting points for the modulation of the interaction 

between 14-3-3 and TAZ. Aside from a genuine interest in finding stabilizers of the 14-3-

3/TAZ interaction, another reason to select this system was the binding mode of the peptide, 

in which it occupies the entire phosphopeptide binding groove on 14-3-3. The natural product 

pocket, which is targeted by Fusicoccin A in the 14-3-3/ERα complex7 or Cotylenin A in the 

14-3-3/C-Raf complex6, was therefore found to be inaccessible for 14-3-3 bound to TAZpS89, 

permitting the discovery of novel sites. 

In this study, we presented the first identification of two individual secondary binding 

sites on 14-3-3 proteins. We crystallized fragments bound to these novel pockets at a surface 

~ 20 Å from the central binding groove of 14-3-3. This discovery holds promise for the 

development of more selective 14-3-3 modulators because, on the basis of our current 

understanding, these sites are used by only a few partner proteins. We believe that our results 

provide solid chemical starting points and convincingly warrant future ligand optimization 

campaigns for the development of 14-3-3 modulators with an unprecedented mode of action. 
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Experimental section 

Peptide synthesis. Peptides were synthesized via Fmoc solid phase peptide synthesis making use of 
an Intavis MultiPep RSi peptide synthesizer. The phosphorylated peptide was synthesized using Rink 
amide resin (Novabiochem), acetylated before deprotection and cleavage off the resin, and purified using 
preparative high-performance liquid chromatography with mass spectrometry detection. 

Protein expression and purification. His6-tagged 14-3-3 proteins (full-length and ∆C) were expressed 
in NiCo21 (DE3) competent cells with a pPROEX HTb plasmid, and purified using Ni2+ - affinity 
chromatography. The ∆C variant meant for crystallization was treated with TEV protease to cleave off 
the His6 tag, followed by a second Ni2+ - affinity column and size exclusion chromatography. 

Fragment library. The Novartis fragment library screened for this study was described before by 
Kutchukian et al52 and comprises a core set of 1408 compounds. It was assembled by querying the 
Novartis archive for fragment-sized compounds (molecular weight of ≤ 300) that satisfied multiple 
property cutoffs (ClogP < 3, between 1 and 3 rings, ≤ 3 rotatable bonds, ≤ 3 H-bond donors and ≤ 5 H-
bond acceptors, more than 30 mg of solid and 20 or more fragment sized analogs in the collection) and 
lacked undesirable substructures based on in-house and external knowledge (such as epoxides, Michael 
acceptors, S-S single bond, acyclic acetals and phosphonamides). The fragments were further filtered 
based on the number of chemical handles, diversity and chemical attractiveness (based on in-house 
Bayesian models trained on medicinal chemists assessing HTS hit compounds). In addition, the 
fragments were required to have analogs in the archive. Quality control (QC) was then performed on the 
fragments: the identity, purity, and solubility of the compounds were determined by NMR, and 
additional profiling included binding to a SA BiaCore chip. After compounds had been filtered for 
acceptable QC and solubility (200 µM or better), about 3700 compounds were submitted for review by 
chemists. Chemists were surveyed to assess whether they would be willing to carry forward fragments if 
identified as hits in a campaign, and the results of the survey were used to impact the final design of the 
library as follows. The 3700 fragments were clustered and representative fragments from clusters were 
selected based on either high solubility or high desirability by chemists, yielding a core set of 1408 
fragments, termed the Novartis fourth generation library. 

 
NMR spectroscopy. The Novartis fragment core library was screened in mixtures of 8 against 10 µM 

14-3-3 zeta isoform, with a 20-fold molar excess of total ligand over protein. One-dimensional ligand-
observed waterLOGSY53 and T1ρ54 experiments were recorded to obtain binding information for the apo 
protein. Phosphorylated TAZ peptide was then added to a final concentration of 15 µM, and the 
experiments were repeated. Primary hits were chosen based on a comparison of the two datasets (e.g. in 
presence and absence of the peptide) obtained for mixtures, and binding of each of the ligands was 
subsequently confirmed by testing them as singles. All ligand-observed experiments were performed at 
296 K on a 600 MHz Bruker AVANCE III spectrometer, equipped with a triple-resonance cryogenic 
probe head. 

Protein-observed experiments were performed at 310 K on an 800 MHz Bruker AVANCE III 
spectrometer, equipped with a triple-resonance cryo-probe. 1H– 15N heteronuclear single-quantum 
coherence (HSQC) spectra were collected with 160 scans per increment and an acquisition time of 40 
ms in the indirect dimension, resulting in a total experimental time of 6.5 h per compound. For the 
analysis of chemical shift perturbations, the samples contained 50 µM uniformly 15N-labeled 14-3-3, 75 
µM TAZ peptide, and 1 mM ligand. Titrations to determine binding affinity were performed on samples 
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containing 100 µM 14-3-3 and 150 µM TAZpS89, with ligand concentration increasing in five steps up 
to 4 mM (protein:ligand molecular ratios 1:2.5, 1:5, 1:10, 1:20, and 1:40). Data were processed with 
NMRPipe55, and analyzed in Sparky56. 

Crystallography. The 14-3-3σ protein was C-terminally truncated (∆C) after T231 to enhance 
crystallization. The 14-3-3 protein and TAZpS89 peptide were dissolved in complexation buffer (25 mM 
HEPES (pH 7.5), 2 mM MgCl2 and 2 mM beta-mercaptoethanol (BME)) and mixed in a stoichiometry 
1:1.5 (protein:peptide molar ratio) at a final protein concentration of 12.5 mg/mL. The complex was set 
up for hanging-drop crystallization after overnight incubation at 4 °C, in a homemade crystallization 
liquor (0.095 M HEPES (pH7.1), 0.19 M CaCl2, 28% (v/v) PEG 400 and 5% (v/v) glycerol). Crystals grew 
within 10 - 14 days at 4 °C. Soaking of the fragment hits was performed by adding 0.6 µL of a 100 mM 
stock solution in dimethyl sulfoxide (DMSO) to 4 µL drops containing multiple crystals. Crystals were 
fished after overnight incubation at 4 °C and flash-cooled in liquid nitrogen. X-ray diffraction (XRD) data 
were collected either in-house with a Rigaku Compact HomeLab (TAZpS89, NV1, and NV2) or at the 
Deutsches Elektronen-Synchrotron (DESY), PETRA III, beamline P11, Hamburg, Germany (NV3).  

Datasets were indexed and integrated using XDS57 and scaled using SCALA58. The structures were 
phased by molecular replacement, using protein data bank (PDB) entry 3MHR29, in Phaser59. Coot60 and 
phenix.refine61 were used in alternating cycles of model building and refinement. See Table S2.1 for 
XRD data collection, structure determination, and refinement statistics. The crystal structures were 
submitted to the PDB as entries 5N75, 5N5R, 5N5T, and 5N5W, for the complexes of 14-3-3σ with 
TAZpS89, TAZpS89/NV1, TAZpS89/NV2, and TAZpS89/NV3, respectively. 
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Supporting information 

 

 

Figure S2.1 | Overlay of YAP and TAZ peptide in complex with 14-3-3. Crystal structure of 14-3-
3σ (gray, cartoon) bound to YAPpS127 (cyan sticks) and TAZpS89 (orange sticks). The only 
sequence difference is located at the -2 position relative to the phosphoserine (YAP: Ala125, TAZ: 
Ser87). (PDB entries 3MHR and 5N75). 

 

 

Figure S2.2 | Binding of fragments NV1 (A) and NV2 (B) to 14-3-3 in the presence and absence of 
TAZpS89. 1D 1H spectra of compound mixtures are shown in magenta. Binding of fragments to 
14-3-3 is evidenced by wLOGSY spectra recorded in the absence (red) and presence (blue) of 
TAZpS89 peptide. 1D 1H spectra of identified ligands are shown in black. 
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Figure S2.3 | Structural alignments of the NV1 binding pocket among the seven human 14-3-3 
isoforms. Structures with the following PDB entries were used for the depicted alignments: 14-3-
3β (4GNT), 14-3-3γ (4J6S), 14-3-3ε (3UBW), 14-3-3η (2C74), 14-3-3τ (2BTP), and 14-3-3ζ (4WRQ). 
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Figure S2.4 | Structural alignments of the NV2 and NV3 binding pocket among the seven human 
14-3-3 isoforms. Structures with the following PDB entries were used for the depicted alignments: 
14-3-3β (4GNT), 14-3-3γ (4J6S), 14-3-3ε (3UBW), 14-3-3η (2C74), 14-3-3τ (2BTP), and 14-3-3ζ 
(4WRQ). 
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Table S2.1: XRD data collection and refinement statistics 

14-3-3σ ∆C 

bound to: 

 

TAZpS89 
 

TAZpS89/NV1 
 

TAZpS89/NV2 
 

TAZpS89/NV3 

PDB entry 5N75 5N5R 5N5T 5N5W 

Data collection     
Wavelength (Å) 1.54 1.54 1.54 1.033 

Resolution (Å)a 
45.60-1.80 
(1.84-1.80) 

45.48-1.80 
(1.84-1.80) 

65.96-1.80 
(1.84-1.80) 

65.85-1.04 
(1.39-1.37) 

Space group C2221 C2221 C2221 C2221 

Unit cell 
82.18 112.27 

62.82 
81.96 111.97 

62.63 
81.51 112.27 

62.59 
81.29 112.29 

62.51 

Total reflectionsa 
167641 
(6454) 

168053 (6575) 167853 (6842) 788177 (38101) 

Unique reflectionsa 27105 (1500) 26488 (1393) 26972 (1563) 60317 (2923) 
Multiplicitya 6.2 (4.3) 6.3 (4.7) 6.2 (4.4) 13.1 (13.0) 
Completeness (%)a 99.6 (94.5) 98.1 (87.1) 99.8 (98.2) 100.0 (100.0) 
Average I/σ(I)a 33.3 (9.7) 38.9 (8.8) 42.1 (11.0) 20.7 (2.1) 
Wilson B-factor (Å2) 8.7 6.7 8.3 13.6 

CC1/2a,b,c 
0.999 

(0.989) 
1.0 (0.98) 1.0 (0.987) 1.0 (0.756) 

Rmergea,c,d 
0.039 

(0.120) 
0.040 (0.169) 0.034 (0.129) 0.072 (1.348) 

Rmeasa,c,e 0.043 (0.136) 0.043 (0.190) 0.037 (0.146) 0.075 (1.403) 

Refinement     

Reflections 
(refinement/R-free) 

27083 / 1429 26475 / 1308 26951 / 1325 60289 / 3044 

Non-H atoms  
(protein / solvent)  

2055 / 257 2025 / 274 2029 / 248 2001 / 214 

Rwork / Rfree (%) 15.3 / 18.6 14.9 / 18.2 15.9 / 18.4 14.4 / 16.5 

RMSD from ideal 
geometry: bond 
length (Å)/angles (°) 

 
 

0.005 / 
0.707 

 
 

0.012 / 0.916 

 
 

0.004 / 0.587 

 
 

0.006 / 0.859 

Average protein  
B-factor (Å2) 

11.93 11.68 12.35 14.22 

Ramachandran:  
favored/outliers % 

98.3 / 0.0 97.4 / 0.45 98.7 / 0.0 98.3 / 0.0 

Clashscore 0.73 0.99 1.46 1.25 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs62 
c Value reported by Aimless (version xx) 

 

d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│√(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h  
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Chapter 3 

Site-directed fragment-based screening for the 
discovery of protein-protein interaction 

stabilizers 

 

Abstract 

Modulation of protein-protein interactions (PPI) by small molecules has emerged as a 

valuable approach in drug discovery. Compared to direct inhibition, PPI stabilization is vastly 

underexplored but has strong advantages, including the ability to gain selectivity by targeting 

an interface formed only upon the association of proteins. This chapter presents the 

application of a site-directed screening technique based on disulfide trapping (tethering) to 

select for fragments that enhance the affinity between protein partners. The target complex 

comprises the phosphorylation-dependent interaction between the hub protein 14-3-3σ and a 

peptide derived from the Estrogen Receptor α (ERα), an important breast cancer target that 

is negatively regulated by 14-3-3σ. Orthosteric stabilizers that increase 14-3-3/ERα affinity up 

to 40-fold are identified and the mechanism for stabilization is proposed based on X-ray 

crystal structures. These fragments already display partial selectivity towards ERα-like motifs 

over other representative 14-3-3 clients. This first of its kind study illustrates the potential of 

the tethering approach to overcome the hurdles in systematic PPI stabilizer discovery.  
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Introduction 

Once considered ‘undruggable’, protein-protein interactions (PPI) have been successfully 

targeted by drug-like molecules in the past 15-20 years.1–4 In contrast to the fruitful 

development of PPI disruptors, examples of targeted small molecule stabilizers are relatively 

scarce, and dedicated screening approaches for PPI stabilizer identification are virtually 

absent.5–7 

Therapeutic proof-of-concept for PPI stabilization has been provided by natural products, 

including the antitumor drug paclitaxel and immune suppressants rapamycin and FK506.6,7 

Additionally, a number of successes using synthetic molecules have been reported, such as 

the BRD4-dimer stabilizer (biBET)8 and the allosteric stabilizer of the tetramer transthyretin 

(tafamidis)9. Synthetic approaches – proteolysis-targeting chimera (PROTACs) and 

immunomodulatory drugs (IMiDs) – apply this principle to drive the association of two 

proteins that would not otherwise interact.10 These clinical and chemical biology applications 

justify the development of technology platforms to allow systematic stabilization of PPI, 

especially given the fact that most discoveries of PPI stabilizing molecules have been 

serendipitous. The design rules for a good stabilizer are poorly understood and technical 

difficulties complicate assay development. There is thus an unmet need for approaches that 

overcome inherent limitations of conventional ligand screening to identify PPI stabilizers. 

Disulfide trapping (tethering) is envisioned to be a promising technology to develop such 

a platform. Disulfide trapping allows site-directed selection of ligands and readily measures 

cooperative binding – qualities that address the main challenges posed by screening for PPI 

stabilizers. Since the technology was pioneered by Wells, Erlanson, and colleages11, disulfide 

trapping has successfully identified allele-specific inhibitors of oncogenic K-Ras (G12C)12, 

allosteric ligands of PDK113 and inhibitors of the IL-2/IL-2receptor PPI.14,15 Here, the first 

demonstration is offered of the tethering technology to identify small molecule stabilizers of 

a protein complex. 

The interaction between the hub protein 14-3-3 and the phosphorylated motif derived from 

the breast-cancer-associated transcription factor Estrogen Receptor α (ERα) is selected as a 

suitable and relevant test case. With > 300 cellular interaction partners, including Raf 

kinases,16 heat shock proteins,17 oncogenes18 and tumor suppressors (p53)19, 14-3-3 proteins 

are central regulators in many biological processes and pathologies.20–22 For example, 14-3-3 

binding antagonizes multiple transcription factors that act as oncogenic drivers. Since 

inhibition of transcriptional activity is a central therapeutic challenge in cancer, our efforts 

are focused on identifying small molecule stabilizers for this PPI class. 
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De Vries-van Leeuwen et al reported that ERα is phosphorylated at the penultimate residue 

T594 and that binding of this site to 14-3-3 reduces its estradiol-dependent transcriptional 

activity. The inhibition of ERα activity is enhanced by the natural product Fusicoccin-A (FC-

A), which binds at the 14-3-3/ERα interface (Figure 3.1a). Stabilizing this PPI was proposed to 

be a valid alternative strategy for interfering with ERα-positive breast cancer. 

Here, several disulfide fragments are identified that each bind cooperatively to a complex 

of 14-3-3 and an ERα-derived phosphopeptide (ERα-pp). Hits selectively increase the binding 

affinity between ERα-pp and 14-3-3 as much as 4-fold; multiple X-ray co-structures suggest 

the mechanism of stabilization. Disulfide tethering thus is a promising approach to identify 

starting points to specifically stabilize protein-peptide interactions and provides a first and 

long-needed, systematic screening platform for PPI-stabilizing molecules. 

 

Disulfide trapping for stabilizers of the 14-3-3/ERα protein-protein interaction 

Tethering uses a cysteine on the target protein as a reactivity handle to trap disulfide-

containing fragments that have an inherent (weak) binding affinity for a target pocket near 

the cysteine. The bound fragments can then be detected by intact protein mass spectrometry 

(MS).11,23 Our disulfide trapping approach was designed to target FC-A’s hydrophobic pocket 

at the 14-3-3σ/ERα interface. Sigma is the only one of seven human 14-3-3 isoforms that 

contains a native surface-exposed cysteine (C38) at the edge of this pocket. Two additional 

protein constructs were designed in which the wildtype cysteine was mutated (C38N; N being 

the most common residue at this position) and a cysteine introduced at positions 42 or 45, 

one or two α-helix turns towards the ERα binding site, respectively (Figure 3.1a).  

The three 14-3-3σ cysteine constructs were screened both in apo form and in complex with 

a 15-mer phosphopeptide representing the 14-3-3-binding motif of ERα (ERα-pp; sequence 

KYYITGEAEGFPApT594V-COOH; Figure 3.1b). Phosphorylated motifs derived from 14-3-3 

client proteins recapitulate key interactions of the PPI, and mutating the single 

phosphorylation site can completely abrogate the interaction in vitro and in cells.24 Short 14-

3-3 client-derived phosphopeptides can thus be used as surrogates for the PPI; this approach 

has been used to characterize FC-A/14-3-3/client complexes and to screen for inhibitors,25 e.g., 

of the 14-3-3/Tau PPI.26,27 
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Figure 3.1 | Disulfide trapping to identify stabilizers for 14-3-3/ERα PPI. a) The target pocket for 
stabilizing the interaction of 14-3-3σ (white surface) and ERα-pp (green sticks) bound by FC-A 
(semi-transparent yellow sticks). Indicated are the native cysteine (C38; red surface) and introduced 
C42 (orange) and C45 (yellow). (PDB entry 4JDD). b) Schematic illustration of the approach for 
selecting stabilizers by disulfide trapping. The cysteine-containing protein is incubated with an 
arrayed disulfide-fragment library under reducing conditions in the apo state (i) or bound to ERα-
pp (ii). The equilibrium is shifted to the fragment-conjugated protein only when the fragment has 
an inherent affinity for the nearby target pocket. 

Apo-14-3-3σ or the 14-3-3σ/ERα-pp complex was screened against a 1600-member 

disulfide library under mildly reducing conditions (100 µM betamercaptoethanol; βME). 

Conjugate formation for each individual reaction was analyzed by intact protein MS. Three 

peaks observed in mass spectra corresponded to apo, βME-capped, and fragment-conjugated 

14-3-3σ. The ‘percent tethering’, defined as the intensity of the fragment-specific conjugate 

protein peak divided by the sum of the intensities for all protein peaks, was calculated for each 

individual experiment using an automated pipeline.28  

For each screen, hits were categorized as competitive (only a hit in the apo screen), 

cooperative (preferentially a hit for the protein-peptide complex), or neutral (a hit both in the 

apo and the 14-3-3σ/ERα-pp complex screen; Figure 3.2). C38 yielded the highest fraction of 

cooperative hits, but the maximal percent tethering was low (< 55 % conjugated), suggesting 

that fragments bound to C38 had a low affinity for the pocket. Conversely, C45, closest to the 

target pocket, yielded a large fraction of hits with > 75 % conjugation, with more competitive 

than cooperative hits. Satisfyingly, C42, with an intermediate position, yielded hits for both 

apo and ERα-pp-bound 14-3-3σ, suggesting an optimal distance and orientation toward the 

target pocket to identify potent and cooperative fragments. 
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Figure 3.2 | Disulfide trapping screening data for three 14-3-3σ cysteine constructs. 2D-plots 
illustrate the correlation between % tethering of individual fragments (gray diamonds) for apo 14-
3-3σ and 14-3-3σ/ERα-pp complex. The hit-selection threshold (mean + three standard deviations; 
µ + 3σ) in each screen is indicated by a green dashed line. Fragment 1 (purple open circle) and 2 
(lilac open circle) are indicated for each screen; both only score as a ‘hit’ for C42. 

Hit selection and validation of stabilization activity 

For C42, the most cooperative fragment was 1; tethering increased 2.3-fold, from 26 % 

(apo) to 60 % (protein-peptide complex) (Figure 3.3a). A nearly identical compound, 2, was 

identified in both screens, with 46 % tethering to the apo 14-3-3σ and 59% tethering to the 

complex (Figure 3.3b). Compounds 1, 2, and seven additional fragments that bound to the 14-

3-3σ(C42)/ERα-pp complex were selected for follow-up experiments (see SI Figure S3.1 for 

mass spectra). 

The 14-3-3σ(C42)-binding hits were confirmed in dose-response experiments detected by 

intact protein MS. Both 1 and 2 demonstrated strong preferential binding to the 14-3-

3σ(C42)/ERα-pp complex over the 14-3-3σ protein alone (Figure 3.3c). Binding of the tethered 

fragment 2 was improved ~ 300 fold, from an effective concentration (EC50) ~ 1 mM for apo 

to EC50 = 3 µM for the ERα-pp bound 14-3-3σ. Fragment 1, the N-methylated version of 2, 

showed an EC50 ~ 100 µM for binding to apo but remained > 80 % tethered to 14-3-3σ bound 

to ERα-pp down to 100 nM fragment, even in the stringent disulfide-reducing condition of 1 

mM βME. Cooperative binding was less pronounced for the other primary screening hits 

(data not shown). 
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Figure 3.3 | Selection and validation of cooperative tethering hits. a) Chemical structure and LC/MS 
spectra of tethering screen result for 1, conjugated to 14-3-3σ(C42) apo (left) or ERα-pp bound 
(right), resulting in 26 % and 60 % tethering, respectively. 14-3-3σ(C42) expected mass: 26509 Da, 
βME capped mass: 26585 Da, protein-disulfide conjugate mass: 26795 Da. b) Chemical structure 
and LC/MS spectra of tethering screen result for 2, conjugated to 14-3-3σ(C42) apo (46 %) or ERα-
pp bound (59 %); protein-disulfide conjugate mass: 26781 Da. c) LC/MS dose-response curves for 
1 (upper) and 2 (lower) showing percentage of fragment-protein conjugate formation for titrations 
of disulfides to 14-3-3σ(C42) apo (purple/lilac) and bound to ERα-pp (green). 

The effect of 1 and 2 on the binding affinity between ERα-pp and 14-3-3σ(C42)-was studied 

in fluorescence anisotropy experiments. 14-3-3σ(C42)-was titrated into fluorescein-labeled 

ERα-pp in the presence of saturating concentrations of fragments (Figure 3.4a). The apparent 

dissociation constant of 14-3-3σ(C42)/ERα-pp (Kd,app) was 1.3 µM for the DMSO control, and 

decreased to 32 nM in the presence of 1, 92 nM in the presence of fragment 2, and 4.2 nM in 

the presence of the positive control FC-A. Thus, 1 and 2 stabilized the 14-3-3σ/ERα-pp 

complex by 40- and 14-fold, respectively. 

The same trend was observed when the fragments were titrated into a mixture of 1 µM 14-

3-3σ(C42) and 100 nM fluorescein-ERα-pp, conditions under which half of the peptide was 

initially bound (Figure 3.4b). Fragments binding to the 14-3-3σ(C42)/ERα-pp complex 

increased the anisotropy, and hence the bound fraction, of fluorescein-ERα-pp. Additionally, 

from these experiments it was observed that the kinetics of disulfide formation (i.e., 

stabilizing effect on ERα-pp binding) was dependent on the disulfide-fragment concentration, 

as evidenced by an increase in anisotropy values over time for 0.1 – 10 µM (SI Figure S3.2). 
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The maximum effect was instantaneous at a saturating concentration (100 µM). Compound 

1 displayed slightly more cooperative behavior, as reflected in a lower EC50 (87 nM) compared 

to 2 (EC50 = 209 nM). Notably, both were in the same range as FC-A (EC50 = 216 nM). 

 

 

Figure 3.4 | Quantification of 14-3-3σ/ERα-pp stabilization by disulfide fragments. a) Schematic of 
experimental design and plot of anisotropy (mean + SD, technical triplicates) for 14-3-3σ(C42) 
titrations to fluorescein-ERα-pp and saturating concentration (100 µM) of 1 (purple), 2 (lilac), FC-
A (orange) or DMSO control (gray), reporting a 40-fold increase of the 14-3-3σ(C42)/ERα-pp 
binding affinity in the presence of 1 (green arrow). b) Schematic of experimental design and plot 
of anisotropy (mean + SD, technical triplicates) for titrations of 1 (purple), 2 (lilac), FC-A (orange) 
or DMSO control (gray), to fluorescein-ERα-pp and 1 µM 14-3-3σ(C42). 

Whereas this stabilatory behavior for 1 was expected based on the initial criteria for hit 

selection, 2 was only slightly cooperative in the primary screen. To evaluate whether the 

single-concentration screen was reproducible, ten additional fragment hits were further 

evaluated, including three selected as ‘competitive’ from the screen (SI Figures S3.1 and S3.3). 

While moderate stabilization activity was observed for most of the ‘cooperative’ fragments, 

the competitive and neutral fragments generally had no effect on ERα-pp binding, except for 

one additional ‘neutral’ fragment that modestly inhibited peptide binding. Thus, while single-

concentration screening yielded reproducible cooperative fragments, screening at multiple 

doses could be advantageous. 

 

Co-crystal structures elucidate ‘molecular glue’ mode of action  

To elucidate the molecular mechanism for cooperativity, fragments were soaked into co-

crystals of 14-3-3σ and 8-mer ERα-pp. In addition to 1 and 2, electron density was resolved for 

three other C42 hits (see SI Tables S3.1 and S3.2 for XRD statistics). Fragments 1 – 5 each 
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contained an aromatic ring pointed into the back of the 14-3-3 pocket, oriented to make 

hydrophobic contact with the C-terminal V595 of ERα-pp (Figure 3.5a-c). The chlorophenyl 

substitutions in 1, 2 and 3 were fully buried in the pocket. Whereas for 1, 2 and 4 continuous 

electron density could be traced from the bound cysteine, 3 and 5 had less complete density, 

perhaps suggesting disorder in their linker region. Interestingly, while all fragments had a 

phenyl ring in an analogous location, 3 – 5 showed significantly less cooperativity compared 

to 1 and 2 (SI Figure S3.3a). These data could suggest that the electronic nature of the ring 

and/or the stability of the ring orientation are critical for productive interactions with both 14-

3-3σ and ERα-pp. 

Comparison of hits from screening C42 and C45 revealed 6, which differed from 2 only 

in linker length (propyl vs. ethyl, respectively) between the fragment and the disulfide-

forming thiol. The structure of 6 conjugated to 14-3-3σ(C45) in complex with ERα-pp was 

solved and electron density was found for the expected tethered fragment and parts of the 

linker (Figure 3.5c). An overlay of 6-C45 and 2-C42 showed that the chloride moiety was 

positioned in the same pocket of 14-3-3, but that the chlorophenyl ring was tilted so that the 

edge, rather than the face, of the phenyl ring was pointed toward ERα-pp V595. Indeed, 6 

displayed low cooperativity when bound to 14-3-3σ(C45) (SI Figure S3.4a,c). Interestingly, 6 

bound to 14-3-3σ(C42) showed similar cooperativity and stabilatory activity compared to 2 

(EC50 value of < 1 µM in the presence of ERα-pp; SI Figure S3.4b,d). The convergent 

positioning of the C42- and C45-targeted analogues 2 and 6 suggested that the fragments 

were selected based on their compatibility with the pocket formed by 14-3-3 and ERα-pp; 

however, the conformational restriction imposed by the anchoring residue determined how 

productively the fragment interacted with ERα-pp. 
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Figure 3.5 | Molecular mechanism of 14-3-3σ/ERα-pp stabilization by disulfide-trapped fragments. 
a-c) X-ray crystal structures of fragments 1 – 6 (colored sticks representation) in complex with 14-
3-3σ(C42) (white surface; C42 yellow) and ERα-pp (green sticks). d) Chemical structures of 
fragments 3 – 6. e) Crystallographic overlay of fragment 6 conjugated to C45 with fragment 2 
bound to C42. All 2Fo-Fc electron density maps are contoured at 1σ. 

Together, the data for disulfide hits 1, 2 and 6 supported the hypothesis that the binding 

affinity of the fragments to the protein-peptide complex was driven by noncovalent 

interactions, which was further enhanced by the linker. To confirm, a noncovalent analogue 

was tested for binding to 14-3-3/ERα-pp by ligand-observed NMR in T1ρ and waterLOGSY 

experiments (Figure 3.6). T1ρ relaxation was significantly enhanced in the presence of 14-3-

3/ERα-pp and a positive waterLOGSY signal was seen in the presence, but not in the absence 

of 14-3-3/ERα-pp. These data demonstrated that the fragment bound to the complex even in 

the absence of a covalent linkage. 
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Figure 3.6 | Binding of noncovalent analogue of disulfide hit fragments to 14-3-3σ/ERα-pp. Ligand- 
observed T1ρ (a) and waterLOGSY (b) NMR experiments. Samples labeled ‘protein/peptide’ 
contained 10 µM 14-3-3σ, 15 µM ERα-pp and 200 µM ligand (chemical structure displayed). 1D 1H-
NMR spectra of ligand alone are displayed at the bottom for both experiments. a) Fragment binding 
is confirmed in T1ρ experiment for relaxation observed after 10 ms and 200 ms: the self-relaxation 
of 11 % in the absence of protein/peptide (green to pink) is increased to 42 % in the presence of 
protein/peptide (blue to red) due to binding to 14-3-3σ/ERα-pp. b) Evidence for binding is also 
observed from waterLOGSY spectra by the change in signal sign recorded in presence (red) and 
absence (blue) of the protein/peptide complex. The green spectrum shows the waterLOGSY 
spectrum of 14-3-3σ/ERα-pp alone. 
 

Identified fragments are selective stabilizers for mode-III 14-3-3 binding motifs 

To investigate the selectivity of disulfide fragments for 14-3-3/ERα-pp, the binding motifs 

of ExoS29 and TAZ30 were selected as representative alternative 14-3-3 clients (Figure 3.7a). 

The TAZ phosphopeptide (TAZ-pp) extends through the druggable pocket, thereby restricting 

the space for fragment binding. ExoS is one of the few reported non-phosphorylated clients 

of 14-3-3, and also occupies almost the full length of the amphipathic groove, including the 

target pocket. TASK3 was additionally included, which contains a C-terminal phosphoSV 

nearly identical to the phosphoTV motif in ERα.31 

In dose-response analysis by MS, a shift to the left was observed for the binding (tethering) 

curve of 2 in the presence of TASK3 phosphopeptide (TASK3-pp) compared to apo-14-3-

3σ(C42), indicating a similar ability for 2 to bind and stabilize the 14-3-3σ(C42)/TASK3-pp 

and ERα-pp complexes, with EC50 values of 7 µM and 3 µM, respectively. By contrast, for ExoS 
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or TAZ-pp, the dose-response curve for binding of 2 was shifted to the right. Even at 500 µM, 

2 just reached ~ 40 % bound, compared to 80 % bound to apo 14-3-3σ(C42), and 100 % bound 

to 14-3-3σ(C42)/ERα-pp or TASK3-pp (Figure 3.7b). 

 

 

Figure 3.7 | Selectivity analysis for disulfide hit fragment 2. a) Schematic illustration of the 
challenge posed by achieving selectivity in PPI network modulation. b) Dose-response curves 
obtained by MS, analyzing % tethering for titrations of 2 to 14-3-3σ(C42) apo (- peptide, blue) or 
bound to different interaction-partner derived motifs; ERα-pp (green), TASK3-pp (yellow), ExoS 
(magenta), or TAZ-pp (brown), starting from 1 mM. 

 
 

The effect of 2 on the binding affinity of 14-3-3σ(C42) for the different peptide partners 

was further quantified in fluorescence anisotropy, where 2 was titrated into a solution of 

fluorescently-labeled TASK3-pp, ExoS, or TAZ-pp and 14-3-3σ(C42) at a concentration that 

allowed 20 % binding of the peptide initially (Anisotropy (r) of ~ 40 mAU; see SI Figure S3.5 

for 14-3-3 binding curves). FC-A and DMSO were included as controls. In agreement with MS 

data, 2 increased the affinity between 14-3-3 and TASK3-pp (EC50 = 2 µM) and showed a 

destabilizing effect on ExoS and TAZ-pp binding (IC50 = 1.4 µM and 2 µM, respectively) 

(Figure 3.8). Interestingly, the maximal anisotropy value for TASK3-pp was lower when 2 was 

titrated compared to FC-A; this difference was not observed when 2 and FC-A were titrated to 

ERα-pp (Figure 3.4b). This might indicate a reduced stabilization of the distal regions of 

TASK3-pp. Furthermore, a 10-20 fold shift was observed in the EC50 for the stabilizing versus 

inhibiting effect of 2 on the binding of ERα-pp (100 – 200 nM range) compared to TASK3-

pp, ExoS and TAZ-pp (all three in the 1 – 2 µM range), indicating initial partial selectivity for 

the hit fragment that can further exploited by chemical optimization. 
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Figure 3.8 | Selectivity analysis for disulfide hit fragment 2, continued. Crystallographic overlays 
and fluorescence anisotropy data (mean + SD, technical triplicates) for 2 and the interaction of 14-
3-3σ with TASK3 (a), ExoS (b) and TAZ-pp (c). Upper: Superimpositions of crystal structures of 14-
3-3s (white surface) bound by 2 (Figure 3.5a, here depicted as blue spheres), and TASK3-pp (PDB: 
3P1N), ExoS (PDB: 2O02) or TAZ-pp (PDB: 5N75) illustrating (in)compatibility of binding surface 
areas. Fragment (blue) and peptides (green) in space-filling representation. Lower: Fluorescence 
anisotropy curves and nonlinear fit for titration of 2 (blue) to 14-3-3σ(C42) and the abovementioned 
client-derived peptide motifs. FC-A (orange) and DMSO (gray) are included as controls. 

Conclusions 

Small-molecule PPI stabilization has diverse therapeutic applications, justifying the 

pursuit of novel drug discovery strategies. The major and unmet challenge in this field is the 

lack of starting points for small-molecule stabilizer development. In contrast to conventional 

screening techniques, disulfide trapping might be highly suitable for early stabilizer 

discovery, likely because the technology is site-directed and the disulfide bond allows the 

fragment to fully saturate the binding site. Here, a disulfide screening paradigm has been 

validated, by selecting fragments that enhance the interaction between 14-3-3σ and an ERα-

derived phosphopeptide (ERα-pp) and crystallizing these fragments in the binding pocket of 

the 14-3-3σ/ERα-pp protein/peptide complex to learn the molecular requirements to achieve 

stabilization. 

Disulfide-bound fragments bound cooperatively with ERα-pp to 14-3-3σ(C42), providing 

as much as a 40-fold increase in affinity for the 14-3-3σ/ERα-pp complex. Both the binding 

affinity and the degree of PPI stabilization depended on the chemical structure of the 

fragments and their orientation in the binding site. In particular, stabilization of the 14-3-

3/ERα-pp complex correlated with the presence of a para-chlorophenyl ring oriented with its 
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face toward the terminal valine of the peptide. Taken together, the biochemical data and 

crystal structures support the hypothesis that binding of the fragments was driven by the 

noncovalent interactions with the protein/peptide complex, which was confirmed in ligand-

observed NMR experiments for a noncovalent analogue. 

Toward development of the platform, differential hits from three cysteine constructs of 

14-3-3 were compared from which it was observed that the appropriate stringency of screening 

is essential for selecting fragments that can engage the targeted pocket. In addition to the 

differences in the degree of tethering, it was also observed that different types of hits (i.e., 

cooperative, neutral, competitive toward peptide binding) were more likely at different 

positions. Whereas the selection of cooperative hits for follow-up was initially very stringent, 

it was found that ‘neutral’ hits displaying high intrinsic affinity for the protein alone could 

also induce a PPI stabilatory effect when studied in more detail. Hence, future efforts could 

include multiple-dose screening to maximize the window between binding to 14-3-3 and to 

14-3-3/peptide complexes. 

One challenge when targeting PPI of proteins with many binding partners, such as 14-3-

3, is client selectivity. Opportunities for selectivity result from the significant variation in 

phosphoprotein sequences and 14-3-3-binding modes, giving rise to differences in the protein-

protein interface that small molecules could exploit. As demonstration, 2 shows the strongest 

stabilization toward ERα-pp, second toward the ERα-like motif of TASK3, and at higher 

concentrations also partially influences the structurally unrelated 14-3-3/TAZ-pp or ExoS 

protein/peptide complexes. These differences could be further exploited by optimizing 

contacts with ERα-pp and tuning the ratio of intrinsic binding of the fragments to apo-14-3-3 

versus binding to the 14-3-3/peptide complex. 

It is important to note that 14-3-3 client proteins are much larger than the peptides studied 

here. However, 14-3-3 proteins exert their regulatory role specifically via phosphorylation-

induced PPI, and the phosphate group on a binding partner is usually the primary driver of 

the binding affinity. Therefore, even in the context of differential secondary interactions, a 

stabilizing effect on this primary interaction site will result in an overall increased stability of 

the full-length protein complex. To fully validate the utility of the fragments resulting from 

the study presented here, will require chemical optimization and characterization of the PPI 

in a biological environment. The principle innovation of this work is the systematic platform 

for discovery of PPI stabilizing fragments that are then suitable for tried-and-true strategies 

to optimize fragments into chemical probes and/or drug leads. 
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The disulfide trapping strategy can be generalized to any 14-3-3/client pair. In addition to 

ERα, several other important transcription factors, including TAZ, Myc, RelA, and FOXO-1, 

are clients of 14-3-3, and this approach could conceivably develop modulators of multiple 

transcription factors. Furthermore, small molecules might be able to induce unnatural 14-3-

3/protein complexes, allowing the exploration of synthetic biology. As a site-directed binding 

methodology, disulfide trapping is an ideal technology for such a platform approach. 

Systematic discovery of novel PPI stabilizers has the potential to access ‘undruggable’ targets 

and provide opportunities for intervention in previously inaccessible pathways. 
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Experimental section 

Protein expression and purification. The 14-3-3 σ isoform with a truncated C-terminus after T231 
(∆C; to enhance crystallization) and an N-terminal His6-tag was expressed in NiCo21 (DE3) competent 
E.coli (New England biolabs Inc.) from a pPROEX HTb expression vector. Site-directed mutagenesis to 
obtain double mutants C38N/N42C and C38N/S45C was performed using the QuickChange Lightening 
site-directed mutagenesis kit (Agilent Technologies) following manufacturer’s instructions. C38N was 
selected since asparagine is the most prevalent amino acid at that position across the 14-3-3 family. 
Primer sequences are listed in Table 3.1. Constructs were confirmed by DNA sequencing.  

Table 3.1: Primer sequences for site-directed mutagenesis 

Mutation Primer pair 

C38N Forward 5’-CGAGGAGCTCTCCAACGAAGAGCGAAACC-3’ 
Reverse 5’-GGTTTCGCTCTTCGTTGGAGAGCTCCTCG-3’ 

N42C Forward 5’-CTGCGAAGAGCGATGCCTGCTCTCAGTAG-3’ 
Reverse 5’-CTACTGAGAGCAGGCATCGCTCTTCGCAG-3’ 

S45C Forward 5’-GCGAAACCTGCTCTGCGTAGCCTATAAGAAC-3’ 
Reverse 5’-GTTCTTATAGGCTACGCAGAGCAGGTTCGC-3’ 

 

After transformation (manufacturer’s instructions), single colonies were picked to inoculate 30 mL 
pre-cultures (LB), which were added to 1.5 L 2XYT medium after overnight growth at 37 °C, 250 rpm. 
Expression was induced upon OD600 0.5 – 0.6 by adding 400 µM isopropyl β-D-1-thiogalactopyranoside 
(IPTG). After overnight expression at 18 °C, 140 rpm, cells were harvested by centrifugation (8,000 rpm, 
10 min, 4 °C) and resuspended in lysis buffer (50 mM Tris, pH 8.0, 300 mM NaCl, 10 mM imidazole, 5 
mM MgCl2, 1 mM phenylmethylsulfonyl fluoride (PMSF), 250 µM tris(2-carboxyethyl)phosphine 
(TCEP)). The soluble fraction was obtained after homogenizing the cells (40 bar, Emulsiflex-C3 
homogenizer) and centrifugation of the debris (20,000 rpm, 15 min, 4 °C). The His6-tagged proteins 
were first purified by Ni2+-affinity chromatography (HisTrap HP column, GE) (Elution buffer 50 mM 
Tris, pH 8.0, 300 mM NaCl, 250 mM imidazole, 250 µM TCEP), followed by His-tag cleavage by TEV 
protease during dialysis (25 mM HEPES, pH 7.5, 200 mM NaCl, 5 % glycerol, 10 mM MgCl2, 250 µM 
TCEP) overnight at 4 °C. The flow-through of a second HisTrap column was subjected to a final 
purification step by size exclusion chromatography (Superdex75, GE) (SEC buffer 25 mM HEPES pH 
7.5, 100 mM NaCl, 10 mM MgCl2, 250 µM TCEP). The protein was concentrated to ~ 60 mg/mL, 
analyzed for purity by SDS-PAGE and Q-Tof LC/MS and aliquots flash-frozen for storage at - 80 °C. 

Peptide sequences. Peptides for disulfide trapping were purchased from Elim Biopharmaceuticals, 
Inc. (Hayward, CA). Sequences were as follows: Ac-KYYITGEAEGFPA{pT}V-COOH (ERα-pp); Ac-
RRK{pS}V-COOH (TASK3-pp); Ac-RSH{pS}SPASLQLGT-CONH2 (TAZ-pp); Ac-

SGHGQGLLDALDLAS-CONH2 (ExoS). ERα-pp for X-ray crystallography and fluorescein-labeled 
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peptides were ordered from GenScript Biotech Corp. Sequences were: Ac- or 5-FAM-AEGFPA{pT}V-
COOH (8mer ERα-pp) and 5-FAM-labeled sequences as above for TASK3-pp, TAZ-pp and ExoS. 

Disulfide tethering; screening and data processing. The primary screening was performed by 
incubating the target with individual compounds in a 384-well plate format. A custom library of 1600 
disulfide-containing fragments of the UCSF Small Molecule Discovery Center (SMDC), synthesized as 
previously reported, was available as 50 mM stock solutions in dimethylsulfoxide (DMSO).32,33 For 
screening, 14-3-3σ wild-type and Cys mutants were diluted to 100 nM in buffer (10 mM Tris, 100 µM 
betamercaptoethanol (βME), pH 8.0) and plated in 384-well plates (15 µL / well). 30 nL of each fragment 
was pinned from the library master plates into the protein samples using a Biomek FX (Beckman) to 
give a final concentration of 100 µM. The duplicate experiments additionally contained 200 nM ERα-
pp. The reaction mixtures were incubated for 3 h (room-temperature) before being subjected to LC/MS 
(I-class Acquity UPLC/Xevo G2-XS Quadrupole Time of Flight mass spectrometer, Waters). Data 
collection and automated processing followed a custom workflow, as previously described.28 All 
compounds described in the text were from the same lot as the original screening material. 

Dose-response LC/MS experiments. Disulfide tethering dose-response analysis used the same 
procedures as primary screening, with the exception that the βME concentration was 1 mM, and 
compounds were titrated from 5 to 50 mM in 2-fold serial dilutions in DMSO, then 400 nL of the 
compound was transferred to 10 µL protein solution for final concentrations 0.1 – 2000 µM and 4 % 
DMSO. For the dose-response of 2 in the presence of TAZ-pp (150 µM), a 5 min chromatography step 
was employed to separate the hydrophobic peptide from the 14-3-3 protein before ionization. 

Fluorescence anisotropy experiments. Fluorescein-labeled peptides, 14-3-3 protein, FC-A (10 mM 
stock solution in DMSO), and disulfide fragments (50 mM stock solutions in DMSO) were diluted in 
buffer (10 mM HEPES, pH 8.0, 150 mM NaCl, 0.1 % Tween-20, 1 mg/mL Bovine Serum Albumin (BSA; 
Sigma-Aldrich)). Final DMSO in the assay was always 1 %.Dilution series of 14-3-3 protein or fragments 
were made in black, round-bottom 384-microwell plates (Corning) in a final sample volume of 10 µL in 
triplicates. Fluorescence anisotropy measurements were performed directly and after overnight 
incubation at room-temperature, using a Tecan Infinite F500 plate reader (filter set λex: 485 ± 20 nm, 
λem: 535 ± 25 nm). Data reported are at endpoint. EC50 and apparent Kd values were obtained from 
fitting the data with a four-parameter logistic model (4PL) in GraphPad Prism 6. 

X-ray crystallography. 14-3-3σ protein (470 µM; 12.5 mg/mL) was mixed with ERα-pp (1:2 molar 
stoichiometry; 940 µM) in complexation buffer (20 mM HEPES pH 7.4, 2 mM MgCl2, 2 mM βME). The 
complex was set up for sitting-drop crystallization in MRC crystallization plates (Swissci) after overnight 
incubation at 4 °C, in a custom crystallization liquor (0.095 M HEPES (pH 7.1, 7.3, 7.5, 7.7), 0.19 M 
CaCl2, 24-29 % (v/v) PEG 400 and 5% (v/v) glycerol). Crystals grew at 4 °C within 4 days. Soaking of 
crystals was performed by mixing 0.4 µL disulfide fragments from 50 mM stock solutions in DMSO 
with 2 mM βME in 3.6 µL mother liquor, and adding this to crystal-containing drops. Soaked crystals 
were fished after overnight incubation at 4 °C and flash-frozen in liquid nitrogen. 

X-ray diffraction (XRD) data were collected either in-house (Rigaku Compact HomeLab equipped 
with Rigaku MicroMax-003 sealed tube X-ray source and Rigaku Dectris PILATUS3 R 200K detector), 
at the Deutsches Elektronen-Synchrotron (DESY, PETRA-III beamline P11, Hamburg, Germany), or 
Swiss Light Source (SLS, PXII beamline, Villigen, Switzerland).  

Initial processing of all datasets was done using Pipedream from GlobalPhasing.34 First, Autoproc35 
ran XDS36 for data indexing and integration, and AIMLESS37,38 for scaling. Then Phaser39 was used for 
limited molecular replacement using PDB entry 4JC3 as template. Finally, Buster40 was used for 
structure refinement. Upon completion of the pipedream run, presence of soaked ligands was verified 
by visual inspection of the Fo-Fc and 2Fo-Fc electron density maps in Coot41. If electron density 
corresponding to the soaked ligand was present, its structure and restraints were generated using 
eLBOW42 before final model building and refinement was done using phenix.refine43,44 and Coot in 
alternating cycles. See Tables S3.1 and S3.2 for XRD data collection and refinement statistics. The 
structures were submitted to the PDB and obtained IDs: 6HHP, 6HMT, 6HKF, 6HKB, 6HN2 6HMU. 



 Site-directed fragment-based screening for the discovery of protein-protein interaction stabilizers 

 

67 

Synthesis of a non-covalent analogue of disulfide fragments 1 and 2. 

General Remarks 

All solvents employed were commercially available and used without purification. Deuterated 
solvents were obtained from Cambridge Isotope Laboratories. Water was purified using a Millipore 
purification train. Dry solvents were obtained from a MBRAUN Solvent Purification System (MB-SPS-
800). All reagents were obtained from Sigma Aldrich and used without purification. Reaction progress 
was monitored by analytical thin-layer chromatography (TLC, pre-coated silica gel 60 F254 plates, Merck) 
using ultraviolet (UV) light (254 and 365 nm). Analytical liquid chromatography coupled with mass 
spectrometry (LC-MS) was performed on a C4 Jupiter SuC4300A 150 x 2.0 mm column (using a 15 min. 
gradient of 5 % to 100 % acetonitrile in H2O (0.1 % formic acid)), connected to a ThermoFischer LCQ 
Fleet Ion Trap Mass Spectrometer. Preparative high pressure column chromatography was performed 
on a GraceTM RevelerisTM system using SRC C18 cartridges. 1H-NMR data were recorded on a Bruker 
Advance-III 400 MHz equipped with a BBFO probe from Bruker. Chemical shifts were reported in parts 
per million (ppm) referenced to an internal standard. 

Synthetic procedure 

 

Tert-butyl-2-(4-chlorophenoxy)-2-methylpropanoate (SI-1) | To a solution of 4-chlorophenol (375 mg, 2.9 
mmol) in DMF (10 mL) was added tert-butyl-2-bromo-2-methylpropanoate (1952 mg, 8.8 mmol), K2CO3 
(1612 mg, 11.7 mmol) and MgSO4 (351 mg, 2.9 mmol). The reaction mixture was heated to 100 ℃ and 
stirred overnight under nitrogen. After, the mixture was cooled and diluted with H2O. The aqueous 
solution was extracted three times with EtOAc. The combined organic layers were dried over MgSO4. 
After removal of the solvent in vacuo, the crude product was purified by flash chromatography (0-20% 
EtOAc/Hexane, 25 CV). 1H NMR (400 MHz, DMSO-d6) δ 7.32 (d, J = 8.9 Hz, 1H), 6.81 (d, J = 9.0 Hz, 
1H), 1.49 (s, 6H), 1.39 (s, 9H). 

2-(4-chlorophenoxy)-2-methyl-1-(piperidin-1-yl)propan-1-one (SI-2) | SI-1 was dissolved in 1:1 DCM/TFA 
(3 mL) and stirred at RT for 5h. The solvent was removed in vacuo. To the product (0.4 mmol) re-dissolved 
in DCM (2 mL) was added PyBop (1.25 eq.), and after shaking for 10 min, DIPEA (40.6 ul) and piperidine 
(3 eq.). The reaction mixture was stirred overnight. The crude was purified on prep-TLC using 60/40 
EtOAc/Heptane. Removal of solvent in vacuo resulted in the final product. 1H NMR (400 MHz, DMSO-
d6) δ 7.35 – 7.30 (m, 2H), 6.84 – 6.77 (m, 2H), 3.67 (s, 2H), 3.46 (s, 2H), 1.53 (s, 6H), 1.46 (s, 2H), 1.37 
(s, 2H), 1.15 (s, 2H). MS (ESI) calc. for C15H20ClNO2 [M] 281.78; observed [M]+ 282. 

 

NMR spectroscopy experiments. In one-dimensional ligand-observed experiments, waterLOGSY45 
and T1ρ46 (10/200 ms) spectra were recorded to obtain binding information for the fragment SI-2 to the 
14-3-3σ/ERα-pp complex. Protein concentration was 10 µM, ERα-pp concentration 15 µM, fragment 
concentration 200 µM. Experiments were performed at 296 K on a 600 MHz Bruker AVANCE III 
spectrometer, equipped with a triple-resonance cryogenic probe head. All samples were diluted in buffer 
(25 mM d-Tris, 100 mM NaCl, 1 mM TCEP, pH 7.4). 
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Supporting information 

 

Figure S3.1 - part I | LC/MS screening data of hits for 14-3-3σ(C42) +/- ERα-pp. Chemical structures 
and the deconvoluted LC/MS spectra of disulfide fragments bound to 14-3-3σ(C42) alone (left) or 
in complex with ERα-pp (right), with the resulting percent tethering indicated.  
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Figure S3.1 - part II | LC/MS screening data of hits for 14-3-3σ(C42) +/- ERα-pp. Caption continued 

from Figure S3.1 – part I: 14-3-3σ(C42) expected mass: 26509 Da, βME capped mass: 26585 Da, 
protein-disulfide conjugate mass: between 26752 – 26919 Da. Fragments bound preferentially in 
the presence of ERα-pp: 1 (959996, a); 916971 (b) and 917137 (c) were termed ‘cooperative’. 
Fragments that bound similarly in the presence and absence of ERα-pp: 2 (917884, d); 3 (917905, 
e); 4 (917929, f); 5 (917599, g); 917805 (h) and 957838 (i) were termed ‘neutral’. Compounds with 
bold numbers are described in the main text. The protein-disulfide fragment conjugate peak is 
indicated with a grey arrow for 14-3-3σ(C42) alone and with a green arrow for 14-3-3σ(C42) in the 
presence of ERα-pp. 
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Figure S3.2 | Kinetic effects of disulfide conjugation on stabilization of 14-3-3σ(C42)/ERα-pp. 
Titration curves of disulfide-fragment hits for fluorescence anisotropy (r) plotted versus protein 
(a,c,e) or compound (b,d,f) concentration, measured directly (t0) and after overnight incubation at 
RT (to/n). Left: At saturating concentration, disulfide-fragment conjugation tot the protein is 
instantaneous as observed from titrations of 14-3-3σ(C42) to 100 nM fluorescein-ERα-pp and 100 
µM FC-A (orange); DMSO (grey); 1 (purple, a); 2 (lilac, b); or a second lot of 2 (2*, green, c). No 
difference was observed in stabilization over time. Right: Kinetics of protein-peptide stabilization 
are dependent on disulfide-fragment concentration, observed from increased anisotropy values at 
intermediate concentrations (0.1 – 10 µM), resulting in an EC50 shift (indicated by green arrows) 
for disulfide-fragment titrations to a mixture of 1 µM 14-3-3σ(C42) and 100 nM fluorescein-ERα-
pp, which was not observed for FC-A. Dashed lines (light blue) indicate corresponding anisotropy 
levels in both titration experiments based on respective protein (1 µM) and disulfide-fragment (100 
µM) concentrations selected. 
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Figure S3.3 | Titration curves of disulfide hits for 14-3-3s(C42). Fluorescence anisotropy (r) plotted 
versus compound concentration. a) Titrations of 1 (purple), 2 (lilac), a second lot of 2 (2*, teal), FC-
A (orange) and DMSO (grey) (left) and 3 (cyan), 4 (yellow) and 5 (green) (right) to a mixture of 1 µM 
14-3-3σ(C42) and 100 nM fluorescein-ERα-pp. The data in the left graph are independent replicates 
of data shown in main text (Figure 3.4). b,c) Titration data for additional disulfide-fragments 
selected for follow-up from the tethering screen, as cooperative, neutral (b), or competitive (c) hits. 
EC50 and IC50 values shown in the tables (right of the graphs) are reported as the inflection point 
of the curves and obtained from non-linear fitting of the data. 
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Figure S3.4 | Fragment 6 displays cooperativity with ERα-pp when bound to 14-3-3σ(C42), but not 
(C45). a,b) Fragment-protein conjugate formation (% Tethered) to 14-3-3σ(C45) (a) or (C42) (b) 
versus concentration of 6, both in presence (green) or absence (blue) of ERα-pp. c,d) Fluorescence 
anisotropy (r) of fluorescein-ERα-pp versus concentration of 6 (teal) or FC-A (orange) binding to 
14-3-3σ(C45) (c) or (C42) (d). The EC50 values for 6 enhancing ERα-pp binding to 14-3-3σ(C42) or 
(C45) were determined to be 340 nM and 687 nM, respectively, though the maximum anisotropy 
was much lower for 14-3-3σ(C45). 

 
Figure S3.5 | Binding affinity of 14-3-3 client-derived peptide motifs. Fluorescence anisotropy (r) 
titration curves for 14-3-3σ(C42) binding to various fluorescein-labeled peptides derived from 
partner proteins ERα, TASK3, ExoS and TAZ. Apparent Kd (Kd,app) values were obtained from non-
linear fitting of the data. 
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Table S3.1: XRD data collection and refinement statistics – part I 

14-3-3σ ∆C / ERα-pp C42-959996 (1) C42-917884 (2) C42-917105 (3) 

PDB entry 6HHP 6HMT 6HKB 

Data collection    

Wavelength (Å) 1.54 1.033 1.54 

Resolution (Å)a 
45.39-1.80 
(1.84-1.80) 

66.22-1.10 
(1.12-1.10) 

66.27-1.70 
(1.73-1.70) 

Space group C2221 C2221 C2221 

Unit cell 81.87 112.21 62.41 81.93 112.43 62.39 82.06 112.36 62.44 

Total reflectionsa 166665 (6652) 1359280 (27522) 148994 (7386) 

Unique reflectionsa 26771 (1423) 114386 (4256) 30678 (1530) 

Multiplicitya 6.2 (4.7) 11.9 (6.5) 4.9 (4.8) 

Completeness (%)a 99.3 (89.4) 98.1 (74.5) 95.8 (92.1) 

Average I/σ(I)a 33.3 (9.7) 38.9 (8.8) 20.7 (2.1) 

Wilson B-factor (Å2) 6.1 9.3 5.9 

CC1/2a,b,c 0.999 (0.972) 1.0 (0.657) 0.997 (0.973) 

Rmergea,c,d 0.048 (0.191) 0.052 (0.910) 0.066 (0.197) 

Rmeasa,c,e 0.052 (0.214) 0.054 (0.991) 0.074 (0.221) 

Refinement    

Reflections 
(refinement/R-free) 

26753 / 1302 114341 / 2898 30631 / 1604 

Non-H atoms 
(overall / solvent)  

2234 / 321 2334 / 312 2212 / 297 

Rwork / Rfree (%) 17.1 / 21.5 18.1 / 18.4 17.8 / 20.8 

RMSD from ideal geometry: 
bond length (Å)/angles (°) 

0.006 / 0.827 0.004 / 0.792 0.006 / 0.793 

Average protein B-factor (Å2) 10.94 10.41 10.49 

Ramachandran:  
favored/outliers % 

98.3 / 0.0 98.3 / 0.0 98.3 / 0.0 

Clashscore 2.12 2.01 1.59 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs47 
c Value reported by Aimless 
d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h 
and <Ih> is the average intensity of reflection h 
e Rmeas = Σh│σ(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h 
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Table S3.2: XRD data collection and refinement statistics – part II 

14-3-3σ ∆C / ERα-pp C42-917929 (4) C42-917599 (5) C45-957782 (6) 

PDB entry 6HKF 6HKB 6HMU 

Data collection    

Wavelength (Å) 1.54 1.54 1.033 

Resolution (Å)a 
45.46-1.80 
(1.84-1.80) 

66.37-1.70 
(1.73-1.70) 

66.18-1.20 
(1.22-1.20) 

Space group C2221 C2221 C2221 

Unit cell 82.02 112.53 62.47 82.23 112.39 62.44 81.85 112.40 62.58 

Total reflectionsa 167745 (6546) 151020 (7696) 1133888 (39164) 

Unique reflectionsa 26955 (1428) 32176 (1681) 90076 (4343) 

Multiplicitya 6.2 (4.6) 4.7 (4.6) 12.6 (9.0) 

Completeness (%)a 99.3 (89.4) 99.9 (100.0) 99.9 (98.5) 

Average I/σ(I)a 33.6 (8.3) 15.4 (7.5) 28.2 (2.9) 

Wilson B-factor (Å2) 7.2 6.3 10.1 

CC1/2a,b,c 0.999 (0.973) 0.995 (0.967) 1.0 (0.838) 

Rmergea,c,d 0.043 (0.176) 0.075 (0.188) 0.049 (0.757) 

Rmeasa,c,e 0.047 (0.198) 0.084 (0.212) 0.051 (0.802) 

Refinement    

Reflections 
(refinement/R-free) 

26953 / 1292 32128 / 1674 90056 / 4535 

Non-H atoms 
(overall / solvent)  

2141 / 226 2256 / 339 2320 / 365 

Rwork / Rfree (%) 18.1 / 21.1 17.7 / 20.0 18.7 / 20.6 

RMSD from ideal geometry: 
bond length (Å)/angles (°) 

0.003 / 0.59 0.006 / 0.883 0.005 / 0.844 

Average protein B-factor (Å2) 11.18 10.79 10.58 

Ramachandran:  
favored/outliers % 

98.3 / 0.0 98.3 / 0.0 98.3 / 0.0 

Clashscore 1.59 1.32 3.88 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs47 
c Value reported by Aimless 
d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h 
and <Ih> is the average intensity of reflection h 
e Rmeas = Σh│σ(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h 
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Chapter 4 

A hitchhiker’s guide to the 14-3-3 binding pocket 

 

 

Abstract 

The systematic discovery of functional fragments is a critical first step for the stabilization 

of protein-protein interactions. Chapter 3 described a novel successful approach that yielded 

covalent stabilizing fragments for the interaction of 14-3-3 with the Estrogen Receptor (ERα). 

This chapter provides an overview of studies that in more detail assess the druggability of the 

target pocket and the cooperativity behavior of various fragments binding at that site. Analysis 

of the binding mode and stabilizing activity for several fragment scaffolds of chemical 

diversity provides insights for what is allowed for protein/peptide stabilization by covalent 

fragments that engage the relatively large and exposed binding pocket at the 14-3-3 PPI 

interface with a ‘molecular glue’ mode of action. 

 
 
 
 
 
 
 
 
 
 

This work has been performed in collaboration with the group of Professor Michelle Arkin at the University 
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Introduction 

The modulation of protein-protein interactions (PPIs) by small molecule ligands is a 

highly sought-after strategy.1–3 PPI stabilization and inhibition are related approaches but 

based on profoundly different underlying basic principles.4,5 The stabilization of protein 

complexes by cooperatively binding ligands has tremendous benefits in terms of client 

selectivity since druggable pockets at binding interfaces are constituted of residues of both 

protein partners, which thus only exist in the context of the complex.6,7 This is in contrast to 

PPI inhibitors, which typically affect multiple interactions of the target protein; an extremely 

important consideration in particular when aiming to therapeutically target interactions of so-

called ‘hub’ proteins that have a large number of binding partners.8–10 However, strategies to 

systematically screen for small molecule or fragment-based stabilizers are scarce. Since our 

interest focuses on the interactions of the hub protein 14-3-3, we set out to develop innovative 

strategies to discover new cooperative ligands as stabilizers for 14-3-3 PPI. 

In Chapter 3 a site-directed fragment-based screening approach was presented, based on 

‘disulfide trapping’ which yielded fragments that enhanced the affinity between 14-3-3 and the 

Estrogen Receptor (ERα).11 By incubating the cysteine-containing protein in apo or ERα-

phosphopeptide bound state with a disulfide library and analyzing conjugate formation by 

intact-protein mass spectrometry, novel covalent stabilizers for this interaction were 

identified that increased the complex affinity up to 40-fold. The molecular mechanism was 

elucidated in x-ray co-structures which revealed a ‘molecular glue’ mode of action, since the 

fragment efficiently engaged a subpocket at the PPI interface, interacting with both partners. 

Here, the results of an in-depth study into the properties of disulfide-tethered ligands and 

their binding mode are discussed. The data provide an analysis of the druggability of the 14-

3-3 pocket versus the stabilization activity observed for fragments engaging different 

subpockets. The position of the cysteine residue in the protein construct used for screening 

by disulfide trapping (C45 – C42 – C38) is found to be crucial, and will also be analyzed in 

detail. Comparing various covalent fragments tethered to different cysteine residues along the 

rim of the pocket provides an insight of pocket druggability by fragments since it eliminates 

the effect of both the linker length and anchoring point. Besides the ‘goldilocks’ C42, hits are 

identified that tether to the cysteine at the 45 position (C45), yielding several co-crystal 

structures that provide additional structural information. Variations of the main cooperative 

hit scaffold tethered to C42 are furthermore explored for an initial structure-activity 

relationship (SAR). Finally, the native cysteine residue located at the rim of the pocket only 

found in the 14-3-3 sigma isoform (14-3-3σ, C38) provides a possibility for the development of 
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(isoform) selective covalent PPI modifiers but appeared to be too far away for fragments in 

this library to reach the 14-3-3/ERα interface for a stabilizing effect was not observed. Another 

14-3-3 client, the protein kinase Raf, with a different 14-3-3 binding mode is selected for a 

second disulfide trapping screen on 14-3-3, now bound by a bivalent phosphopeptide derived 

from Raf. Remarkably, the main hit from this screen has a near-identical chemotype as the 

most cooperative fragments for ERα, which is indeed able to engage the relatively large pocket 

of the PPI interface due to its longer linker. In addition to a co-crystal structure of this 

fragment tethered to C38 in 14-3-3/C-Raf, a co-structure for this fragment at C38 in 14-3-3/ERα 

is obtained, completing the circle. Overall, the data in this chapter contribute imperative 

insights to aid our understanding of the rules for protein/peptide stabilization by covalent 

fragments. 

 

Covalent fragments tethered to 14-3-3σ Cys45 

The covalent fragments with the strongest stabilization activity towards the interaction 

between 14-3-3 and ERα and their mode of action were highlighted in Chapter 3. Briefly, in 

the site-directed screening approach, the position of a cysteine residue as a reactive handle for 

thiol-disulfide exchange with the disulfide-library was varied. Three 14-3-3σ cysteine-

constructs were used for screening by disulfide trapping, including the wild-type with C38 (i), 

at the rim of the pocket, and two more positions along the 14-3-3 α-helix towards the C-

terminus of the ERα peptide; C42 (i+4) and C45 (i+7), as described in more detail in Chapter 

3 and summarized here in Figure 4.1, illustrating the natural product Fusicoccin-A (FC-A) 

binding in this pocket.  

 
Figure 4.1 | Target pocket for the site-directed fragment-based screening approach. Native C38 (red) 
and engineered C42 (double point-mutant C38N/N42C, orange) and C45 (C38N/S45C, yellow) 
positions in 14-3-3 (white surface), bound to ERα-derived phosphopeptide (ERα-pp) and 
Fusicoccin-A (FC-A, yellow sticks). 
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Whereas the C42-tethered fragments were found most active, a number of additional hits 

were identified in that screen for 14-3-3σ C45, for which the expected stabilization activity was 

not straightforwardly validated. 917137 showed the largest increase for the protein-conjugate 

peak in mass spectrometry (MS), comparing 14-3-3σ(C45) apo or bound by an ERα-derived 

phosphopeptide (ERα-pp; Figure 4.2a). A number of additional fragments displayed high 

tethering, as observed from the large-protein conjugate peaks for 917209 and 917204 (Figure 

4.2b,c). Here, no difference was observed between 14-3-3 apo or ERα-bound, indicating no 

influence from the peptide on fragment binding, thus no initial indication of stabilizing 

activity, yet these strong tethering fragments could be relevant starting points. 

 

 

Figure 4.2 | Disulfide trapping screening results for 14-3-3σ C45. Mass spectrometry spectra for 14-
3-3σ(C45) conjugated to 917137 (a), 917209 (b) and 917204 (c) in the absence (left) or presence 
(right) of an ERα-derived phosphopeptide (ERα-pp). The adduct shift for apo protein (expected 
mass 26,536 Da; βME-capped mass 26,612 Da) to protein-disulfide conjugate mass is indicated 
with arrows. 

After soaking co-crystals of 14-3-3σ and ERα-pp, electron density was observed for three 

fragments, with the most convincing, continuous density for 917137 (Figure 4.3a). 917209 

displayed an identical monophore, but has a slightly longer linker (C3 versus C2 in 917137), 

resulting in a less optimal binding pose (Figure 4.3b). The monophore part of 917204 

featured a chlorophenyl moiety, which was found before (compounds 1, 2, 3 and 6, Chapter 

3) but lacked a dimethyl moiety and displayed a slightly longer linker, both contributing to the 

imperfect binding pose of 917204 (Figure 4.3c). Remarkably, no stabilization was observed 

from titrations of these fragments to 14-3-3σ and fluorescein-labeled ERα-pp in a fluorescence 

anisotropy assay (Figure 4.3d). This was most surprising for 917137 due to its crystal data and 
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its increased binding to the 14-3-3σ/ERα-pp complex, versus 14-3-3σ alone, as observed from 

mass spectrometry primary screen data for this fragment, and not for the others (Figure 4.2). 

A second batch of compound (re-synthesized lot 2; 917137-L2) confirmed this data (Figure 

4.3d, left graph). Additionally, the noncovalent methyl-amide derivative of 917137 was found 

to be inactive and no density was observed after soaking a 14-3-3σ/ERα-pp co-crystal (data not 

shown). 

 

 

Figure 4.3 | 14-3-3σ C45-tethered fragment hits. Close-up views of the binding pocket in co-crystal 
structures of 14-3-3σ(C45) (white semi-transparent surface and stick representation) bound by ERα-
pp (green sticks) and 917137 (a), 917209 (b) or 917204 (c) (mint sticks). 2Fo-Fc electron density 
maps are contoured at 1σ. Water molecules are depicted as red spheres. d) Fluorescence anisotropy 
dose-response curves of 14-3-3σ(C45) (1 µM) and fluorescein-labeled ERα-pp (100 nM) titrated with 
compounds. Fusicoccin-A (FC-A) is included as a positive control. 

Together, these data suggest that even though 917137 binds tightly to the 14-3-3 pocket 

tethered to C45, it does so regardless of ERα-pp and thus lacks any significant (stabilatory or 

inhibitory) activity towards this motif. This was also found from titration MS data, where the 

conjugation peak for 14-3-3σ(C45)-917137 indicated > 80 %-tethering for all 917137 

concentrations (1 mM - 100 nM), which is not influenced by the presence of ERα-pp (Figure 

4.4a). Interestingly, a dose-response effect was observed for titration of 917137 to 14-3-

3σ(C42), where the presence of ERα-pp slightly increases %-tethering at all concentrations 
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(Figure 4.4b). This cooperative difference for 917137 tethered to C45 versus C42 was further 

confirmed in fluorescence anisotropy, where fluorescein-labeled ERα-pp binding was 

enhanced upon titration of 14-3-3σ(C42) with 917137 (EC50 0.9 ± 0.11 µM, Figure 4.4c).  

This illustrates that strong binding to the complex does not necessarily result in PPI 

stabilizing activity. Indeed, when retrospectively looking in more detail at data for C42 hits in 

Chapter 3, strong tethering by itself or clear density in a co-crystal structure were not good 

predictors of stabilatory activity towards 14-3-3/ERα, whereas differential dose-response 

behavior of tethered fragments in absence or presence of the ERα-pp in MS nicely correlated 

with stabilization in FP (Figure 4.4d-f and Chapter 3). 1 and 2 displayed high %-tethering to 

14-3-3σ(C42) – only in the presence of ERα-pp (Figure 4.4d,e), whereas 4 displayed higher %-

tethering at C42 versus C45, but no preference for ERα-pp-bound over apo 14-3-3 (Figure 4.4f). 

This is reflected by efficient stabilization for 14-3-3/ERα-pp by 1 and 2, whereas 4 was less 

active (see data in Chapter 3). The co-crystal structures displayed similar clear density for 

fragments 1, 2 and 4 as was found for 917137, further confirming that a good binder (even to 

a composite pocket) is not sufficient nor predictive of PPI stabilization potential. 

 

 

Figure 4.4 | Analysis of cooperative binding to 14-3-3σ of tethered-fragments with ERα-pp. Dose-
response data of protein-917137 conjugate formation for 14-3-3σ C45 (a) or C42 (b), titrated with 
917137 and analyzed by intact-protein mass spectrometry (MS). c) Fluorescence anisotropy dose-
response curves for 14-3-3σ(C42/45) and fluorescein-labeled ERα-pp titrated with 917137. Data for 
timepoint 0 (t0) and at endpoint (after overnight incubation, to/n) are displayed. d-f) Dose-response 
MS data for protein-fragment conjugate formation for C42- or C45-tethered 1 (d), 2 (e), or 4 (f). See 
Chapter 3 for chemical structures. See (a) and (b) for symbol legend. 
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Derivatives of 14-3-3/ERα stabilizer tethered to Cys42 

Strong stabilization of the 14-3-3/ERα-pp interaction was observed for a common scaffold 

of compounds 1 and 2, as described in Chapter 3 (with 1 the methylated amine variant of 2). 

Here, a small library of derivatives of 2 was synthesized to assess main contributing factors 

to this activity and co-crystal structures were obtained for eight disulfide fragments tethered 

to C42 of 14-3-3σ bound by ERα-pp (Figure 4.5). The most resolved electron density was 

observed for variants with a single or double halogen substituent on the phenyl (2.1 – 2.4; 

Figure 4.5a), compared to the unsubstituted phenyl (2.5) and the p-methylphenyl (2.6), for 

which weaker electron density was found (Figure 4.5b). A m-methoxy in addition to a p-bromo 

substituent resulted in perfect electron density for 2.7 whereas a combination of o-chloro and 

p-nitro substituents was less beneficial, resulting in electron density mainly for the phenyl 

group and only part of the linker for 2.8 (Figure 4.5c), revealing a 90° tilted position of the 

phenyl ring, directed by the 0-chloro and resulting in the subsequent relocation of the linker. 

 

 

Figure 4.5 | Derivatives of 14-3-3σ(C42)/ERα-pp stabilizer 2. Chemical structures and co-crystal 
structures of compounds 2.1 - 2.8 in the binding pocket tethered to C42 (yellow surface). 2Fo-Fc 
electron density maps are contoured at 1σ. Water molecules are depicted as red spheres. 
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Crystallographic overlays of compounds 2.1 - 2.7 with 2 (PDB entry 6HMT)11 revealed the 

apparent strict positioning of the halogen in the pocket, specifically when comparing between 

single substituents on the para-position to double meta-substituents (Figure 4.6a,b). There, 

the molecule tilts its entire orientation, so that one of the halogens on the double substituted 

rings (in 2.3, 2.4) overlays its position with the chloro-position of 2. The unsubstituted or p-

fluorophenyl are less directing (Figure 4.6c) while a p-methyl or the p-bromo/m-methoxy 

combination perfectly overlay with the position of 2 (Figure 4.6d). While all compounds 

occupy the same subpocket, 2.8 shows the most divergent binding pose (SI Figure S4.1a).  

 

 

Figure 4.6 | Crystallographic overlays for 2.1 - 2.7.  Fragments tethered to 14-3-3σ C42 bound by 
ERα-pp, overlayed on the crystal structure of the original stabilizer fragment 2 (PDB entry 6HMT). 

A potential stabilization activity of 2.1 - 2.8 was analyzed in fluorescence anisotropy 

experiments by titrating 14-3-3σ(C42) and ERα-pp with fragments (Figure 4.7). Data reported 

were collected directly after preparing the samples (t0), and after reaching equilibrium (at 

endpoint, after overnight incubation, to/n). All derivatives were found to be stabilizers of the 

14-3-3/ERα-pp complex as indicated by enhanced ERα-pp binding upon fragment titrations, 

displaying EC50 values (173 nM – 911 nM) in the same range as 2 (EC50 299 ± 14 nM). Whereas 

the equilibrium was near-instantaneous for stabilization by FC-A, PPI stabilization induced 

by tethered fragments binding upon thiol-disulfide exchange displayed rather slow kinetics, 

as observed from the maximum stabilization reached after overnight incubation, which 

shifted the curve to the left resulting in roughly 10-fold increased EC50 values compared to t0. 

Additionally, upper plateaus for 2.1, 2.3 and 2.4 reach anisotropy values similar to FC-A and 

2, while for 2.2, 2.5, and 2.6 - 2.8 this is lower, possibly caused by a reduced stabilization of 

the distal region of ERα-pp. This is reflected in the crystal structures, where the sidechain of 

the phenylalanine at the -2 position (Phe591) is flexible, revealing different orientations and 

in two co-structures additional density can be observed for Gly590 (SI Figure S4.1b). 
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Figure 4.7 | Stabilization activity for a focused library of compound 2 structure variations. Dose-
response curves of 14-3-3σ(C42) and fluorescein-labeled ERα-pp titrated with Fusicoccin-A (FC-A), 
2 and 2.1 - 2.8. Fluorescence anisotropy data and corresponding EC50 values, at time point 0 (t0) 
and at endpoint (after overnight incubation, to/n) are displayed. 

This small set of derivatives is not sufficient for the establishment of a complete SAR, yet 

it does provide a number of valuable insights. First, it is interesting to find that all variations, 

even though relatively minor, are allowed in this pocket and do not significantly influence 

stabilization activity. In addition to fragments synthesized here with identical scaffolds and 

deviations in substitution(-pattern) of the phenyl, analogs lacking the dimethyl moiety were 

found as similar structures to 2 in the tethering library, that displayed low %-tethering in the 

initial screen (SI Figure S4.2). It can thus be concluded that a halogen on the phenyl is highly 

beneficial for orientation into the subpocket, as strongest stabilization and most resolved 

electron density were observed for both p-chloro- (2) and p-bromo- (2.1) and double substituted 

m-fluoro- (2.3) and m-chloro-(2.4) phenyls. Highly similar fragments lacking a dimethyl 

moiety on the linker, providing rigidity, did not have sufficient affinity for PPI stabilization. 
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Disulfide trapping to 14-3-3σ (Cys38) bound by bivalent Raf phosphopeptide 

The stabilization activity of C42- or to a lesser extent C45-tethered fragments, provided 

important initial proof of the value of the tethering strategy for the identification of PPI 

stabilizers. Since these cysteines are introduced by mutagenesis, disulfide-tethered hits 

require optimization into non-covalent leads, which can present a challenging hurdle for 

future development. In contrast, a native cysteine provides an attractive handle to evolve hits 

into covalent leads. A cysteine at position 38, only found in the sigma isoform of 14-3-3, 

appeared ideally located for this pursuit. Since no promising hits for 14-3-3σ/ERα-pp resulted 

from the disulfide trapping screen for C38, a second screen was performed for the complex 

of wild-type 14-3-3σ and a bivalent phospho-motif derived from the protein kinase Raf. 

The interaction between 14-3-3 and C-Raf has been described by Molzan et al and was 

found to be stabilized by the natural product Cotylenin-A.12–14 By binding to a sequence in C-

Raf that is phosphorylated at both Serine 233 and Serine 259, 14-3-3 inactivates Raf kinase 

activity. Small-molecule stabilization of this protein-protein interaction thus provides an 

alternative means to intervene in the oncogenic Ras-Raf-MEK-ERK pathway.13,15  

The two phosphorylation sites in the 14-3-3-binding motif (pS233 and pS259) 

synergistically bind one 14-3-3 dimer in an antiparallel fashion, thereby presenting a different 

potentially druggable site in each monomer (Figure 4.8a,b). Whereas the phospho-motif in 

ERα is located at its C-terminus, the Raf motives are part of its internal protein sequence, 

resulting in more of its amino acids engaging the 14-3-3 central grooves, compared to ERα. It 

was thus hypothesized that screening 14-3-3σ bound by the C-Raf-derived bivalent 

phosphopeptide (C-Raf-pp) containing these motifs, might result in the identification of 

stabilizers for this interaction, tethered to the native C38 in one or both monomers of the 

complex. The 14-3-3σ protein was thus screened against the previously described disulfide 

tethering library, in apo or Raf-pp-bound state, under reducing conditions. Next to the C-Raf 

motif, the highly similar B-Raf sequence was also included (Figure 4.8c). The protein-

fragment conjugate formation was analyzed for each individual sample by intact protein MS 

and data analysis performed using an automated pipeline, where ‘percent tethering’ was 

defined as the intensity of the fragment-specific protein-conjugate peak, over the sum of all 

protein peaks16 (for all screening data, see SI Figure S4.3). Hits were selected based on 

significantly increased %-tethering in the 14-3-3/Raf-pp screen versus the protein alone. One 

fragment stood out, as the most cooperative in both 14-3-3/B-Raf and C-Raf screens (44.2 and 

82.4 % tethering, respectively), over apo (12.4 %) (Figure 4.8d). 



 A hitchhiker’s guide to the 14-3-3 binding pocket 

 

87 

 

Figure 4.8 | Site-directed fragment screen for 14-3-3σ(C38)/Raf stabilizers. a) 14-3-3ζ dimer bound 
by diphosphorylated C-Raf motif (PDB entry 4FJ3).13 b) Front view of 14-3-3 monomers each bound 
by one phospho-motif of C-Raf (pS233, pS259)13. c) 14-3-3 binding motifs of C-Raf and B-Raf, used 
in this study. d) Schematic representation of binding equilibria and excerpts of mass spectrometry 
spectra of the disulfide trapping screen for 14-3-3σ(C38) incubated with 917949 (chemical structure 
displayed), in (i) apo, (ii) B-Raf- or (iii) C-Raf-bound state. The percent tethering is displayed for 
each sample and represents the intensity of the protein-fragment conjugate peak relative to all 
protein peaks. 14-3-3σ(C38) expected mass 31014 Da, βΜΕ-capped mass 31090 Da, protein-
captamine mass 31116 Da, protein-fragment conjugate mass 31397 Da. The shift from apo protein 
peak to protein-fragment conjugate peak is indicated with an arrow (+383). (a+b reprinted with 
permission from 13). 

Validation of top-ranked hits (% tethering above mean + 3 times the standard deviation, 

in each screen) by dose-response titrations in MS and fluorescence anisotropy experiments, 

confirmed 917949 as the fragment hit displaying the strongest stabilization for the 14-3-3σ/C-

Raf-pp interaction (Figure 4.9, SI Figures S4.4 - S4.8). 917949 showed low tethering to the 

protein alone, yet complete binding to the 14-3-3σ/C-Raf complex (Figure 4.9a). The fragment 

enhanced the binding between 14-3-3σ and monovalent C-Raf phosphopeptides with an EC50 

of 2 µM (pS233) and 0.3 µM (pS259), revealing a preference for the latter motif (Figure 4.9b). 
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This resulted in a stabilization of the interaction between 14-3-3σ and the monovalent C-Raf 

motifs of 14- and 70-fold for pS233 and pS259, respectively (Figure 4.9c), confirming the 

stronger stabilizing effect of 917949 towards the pS259 motif. This motif initially already 

binds stronger to 14-3-3 compared to the pS233 motif (apparent Kd values of 61 µM and 15 

µM, respectively). For the combination of phospho-sites in the bivalent C-Raf peptide (as was 

used in the disulfide trapping screen), indeed an intermediate stabilizing effect was observed 

for 917949, increasing the affinity of the binding partners by 36-fold, resulting from an 

apparent biphasic binding curve due to the synergistic binding of the motifs with different 

affinities for 14-3-3 (Figure 4.9d). A weaker activity and different binding curve were observed 

for a similar fragment, 917999, which was found to only enhance binding of the pS259 motif 

(EC50 1.4 µM, Figure 4.9b), resulting in a stabilization of the 14-3-3σ/C-Raf(pS233,pS259) 

interaction by 21-fold (Figure 4.9d). 

 

 

Figure 4.9 | Validation of stabilization activity for 917949 towards 14-3-3/C-Raf. Dose-response 
data for titrations of 917949 to 14-3-3σ(C38) in apo or B-/C-Raf phosphopeptide (-pp) bound state 
as analyzed by mass spectrometry (a), or fluorescence anisotropy for monovalent fluorescein-
labeled C-Raf motifs (pS233 or pS259) (b). Protein titrations to monovalent C-Raf-pp and resulting 
apparent Kd values for the monovalent C-Raf motifs (c) and the bivalent motif (d) in the absence 
(DMSO) or presence of 100 µM 917949 (c,d) or 917999 (d) and chemical structure of 917999. 
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Co-crystal structures reveal binding mode of Cys38-tethered stabilizer 

Crystal structures for 917949 were obtained by soaking co-crystals of 14-3-3σ bound by 

either monovalent C-Raf phosphopeptide, revealing an identical binding mode of the 

fragment in both composite pockets (14-3-3σ(C38)/C-Raf(pS233) or C-Raf(pS259), Figure 

4.10). For the pS233 motif, additional electron density was observed allowing modeling of two 

more C-terminal residues compared to the co-structure reported previously (Figure 4.8b)13, 

even though the density was not sufficient for complete coverage of all their atoms. The C-

terminal amino acids of the pS259 motif had weaker electron density compared to the co-

structure reported previously (Figure 4.8b)13. It should be noted that the structures presented 

in Figure 4.10 are of monovalent motifs co-crystallized with 14-3-3σ, compared to the bivalent 

motif in 14-3-3ζ reported previously. Strongest electron density coverage and ligand 

occupancy were found for 917949 in the co-structure with the pS259 motif (Figure 4.10c,d). 

 

 

Figure 4.10 | Co-crystal structures of 14-3-3σ bound by C-Raf and C38-tethered 917949. a,b) Front 
view of the phospho-binding groove of 14-3-3 (white semi-transparent surface, cartoon and stick 
representation) bound by single phosphorylated C-Raf phosphopeptides (pS233 (a), dark blue 
sticks; or pS259 (b) turquoise sticks) and C38-tethered stabilizer 917949 (red sticks). c,d) Close-up 
view of 917949 in the 14-3-3σ binding pocket, without displaying the peptides C-Raf(pS233) (c) or 
C-Raf(pS259) (d) for a more clear view. 2Fo-Fc electron density maps are contoured at 1σ.   
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Cys38-tethered fragment is also a stabilizer for 14-3-3/ERα 

The identification of 917949 as a C38-tethered stabilizer for the interaction between 14-3-

3s and C-Raf was highly interesting in an additional aspect. The chemical structure of the 

fragment is identical to the C42-tethered stabilizers of 14-3-3/ERα-pp, 1 and 2, reported in 

Chapter 3, except for the longer linker in 917949 which contains a piperidine moiety. This 

extended nature of the fragment appears to be responsible for engaging the same pocket as 

Cys42-tethered 1 and 2, while tethered from C38, which is further away. Therefore, the 

stabilizing activity of 917949 towards 14-3-3σ/ERα-pp was evaluated next. Indeed, a titration 

experiment revealed enhanced binding of ERα-pp by 917949 in a dose-dependent manner, 

reaching equilibrium after overnight incubation (EC50 0.6 µM, Figure 4.11a). Four fragments 

with a similar scaffold for which similar percentage tethering found in the initial disulfide 

trapping screen on 14-3-3σ(C38)/ERα-pp were less active (917717), or inactive. These data were 

confirmed in a protein titration experiment, where ERα-pp was titrated with 14-3-3σ in the 

presence of 100 µM compounds, resulting in a 15-fold stabilization of the 14-3-3/ERα-pp 

interaction by 917949.  

 

 

Figure 4.11 | Stabilization of 14-3-3/ERα-pp by C38-tethered 917949. Fluorescence anisotropy data 
for 14-3-3σ (1 µM) and ERα-pp (100 nM) titrated with compounds (a), and ERα-pp (100 nM) titrated 
with 14-3-3σ in the presence of compounds (100 µM) (b). c) EC50 and apparent Kd values 
determined for the interaction between 14-3-3σ and ERα-pp, resulting in a 15-fold stabilization by 
C38-tethered 917949. d) Chemical structures of similar scaffolds to 917949 from the tethering 
library, here included. 
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A co-crystal structure for 14-3-3σ(C38)/ERα-pp/917949 was additionally obtained, with 

clear density for both 917949 and the ERα peptide revealing an identical binding pose of the 

fragment as in the co-structures of 14-3-3σ(C38) and C-Raf (Figure 4.12a,b). Comparing the 

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

917949 is observed in this co-crystal structure with ERα-pp, clearly covering all fragment 

atoms. Interestingly, 917949 has an identical binding pose to that of C42-tethered stabilizers 

1 and 2 described in Chapter 3, as can be observed from a crystallographic overlay (Figure 

4.12c,d). Whereas its chloro is not ideally positioned, the longer linker of 917949 bridges the 

larger distance from C38 compared to C42 to ERα, and allows for the phenyl position to match 

the phenyl of 2, presenting a hydrophobic interaction with the C-terminal valine of ERα. 

 

 

Figure 4.12 | Co-crystal structure of 14-3-3σ bound by ERα and C38-tethered 917949. a) Front view 
of the phospho-binding groove of 14-3-3 (white semi-transparent surface, cartoon and stick 
representation) bound by ERα phosphopeptide (green sticks) and C38-tethered stabilizer 917949 
(red sticks). b) Close-up view of 917949 in the binding pocket formed by 14-3-3σ and ERα. c,d) 
Crystallographic overlay of the 14-3-3σ/ERα co-structures bound by C38-tethered 917949 or C42-
tethered 2 (PDB entry 6HMT, mint sticks). Depicted are a front view of the entire phospho-binding 
groove (c), and a close-up view of the pocket (d). 2Fo-Fc electron density maps are contoured at 1σ. 
Water molecules are depicted as red spheres. 
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Concluding remarks 

In this chapter, an overview was presented of covalent fragments binding three different 

(native or engineered) cysteine residues in the 14-3-3σ druggable pocket. These fragments 

were identified by disulfide trapping (‘tethering’),17,18 validating it as an innovative screening 

strategy for the discovery of protein-protein interaction stabilizers. A detailed study was 

presented for the stabilizing activity of selected hits, relating to their chemical structure and 

cysteine-tethered position for various subpockets thus created in the context of different PPI 

pockets presented by 14-3-3 and its bound clients.  

In Chapter 3 a so-termed ‘goldilocks effect’ was observed for cysteine at position 42 (C42), 

which appeared to be ideally located for identifying optimal stabilizers for 14-3-3/ERα from 

this tethering library. Indeed, the strongest stabilizers 1 and 2 tethered to C42. Here, initial 

SAR was established for these fragments, confirming the importance of a halogen 

substitution for ideal positioning of the phenyl group in the pocket with the face oriented 

towards the C-terminal valine of ERα. Even though all variations analyzed here were allowed 

and found to stabilize the PPI to some extent, the best results were obtained for p-bromo- (2.1) 

and double substituted m-fluoro- (2.3) and m-chloro-(2.4) phenyls. Furthermore, the dimethyl 

moiety was found to be essential for hydrophobic contacts with helix 9 of 14-3-3 and providing 

rigidity for the optimal binding mode for the fragment to engage the composite pocket. 

A second disulfide trapping screen of the same library on the 14-3-3σ/Raf interaction 

yielded a hit tethered to native C38, which was found to be a stabilizer for both 14-3-3/Raf and 

14-3-3/ERα, yet was not evidently identified as a hit from the initial screen for ERα. Besides 

the importance of a good quality tethering library, including chemical variation of both 

monophores and linkers - allowing to engage different shapes and sizes of (sub)pockets, and 

the presence of systematic derivatives of fragments - allowing for initial SAR establishment 

for fragment hits; these findings raise an important follow-up question on the stringency and 

selection criteria for ‘hits’ from the screen selected for validation experiments.  

Whereas covalent fragment-based approaches need to carefully address reactivity of 

electrophile warheads19–21, stringency of a screen based on reversible thiol-disulfide equilibria 

is important for differentiating between hits and noise, and can be tuned by the reducing 

potential in the assay (concentration of beta-mercaptoethanol; βME as reducing agent) to steer 

the equilibrium of the thiol-disulfide exchange reaction and only stabilize disulfides formed 

between the target protein and a fragment that has an inherent affinity for the target pocket.18 

This needs to be optimized for each screening protein construct (or complex) as is, but 
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additionally might need to be further optimized for each individual position of a cysteine, due 

to local differences of the subpockets it controls (especially when aiming to engage a 

composite surface, created by two protein binding partners and selecting for stabilizers). 

Linker length variation in the library an sich might not be sufficient to address this. The 

tethering screens for 14-3-3/ERα stabilizers on three 14-3-3σ cysteine constructs were 

performed under the same conditions which resulted in increased tethering percentages 

going deeper into the pocket (C38 > C42 > C45), with overall very low tethering percentages 

found for C38-tethered fragments (most < 40 % and mean + 3 standard deviations (µ+3σ) for 

hit selection at 32.5 % for ERα-bound; and most < 20 % with µ+3σ value of 19.8 % for apo 14-

3-3σ) and very high for C45 (up to 86.3 % and µ+3σ at 86.1 % for ERα-bound; and up to 81.2 

% with µ+3σ value of 61.4 % for apo 14-3-3σ). Where initially considered an interesting find 

in itself, this effect might also have caused difficulty in selecting the most cooperative hits 

from each screen. The 14-3-3σ/ERα disulfide trapping screen thus might have been 

performed at an ideal stringency for identifying stabilizers at C42 (most < 60 % and µ+3σ 

value of 53.7 % for ERα-bound; and most < 50 % with µ+3σ value of 45 % for apo 14-3-3σ), but 

too stringent for the more flexible C38 and not stringent enough for the pocket-buried C45 

position, resulting in a selection of the best stabilizing hits at C42, but sub-optimal hits 

selected for the C38 and C45 screens. Additional browsing of the screening results might 

provide new insights and better hits, mainly for C38 and possibly for C45 as well. 

Alternatively, the screens could be repeated under optimized stringency conditions, aiming 

for comparable statistics and hit selection cut-off values (µ+3σ) between screens, to further 

study the hypothesis that optimization of primary screen conditions results in better hit 

selection for PPI stabilizers. Interestingly, that hypothesis was further supported by the 

results obtained from the tethering screen for 14-3-3σ(C38) with C-Raf. Primary screening 

data were more representative for fair comparisons of % tethering for individual fragments 

between screens and predictions for validation of cooperative behavior. Whereas the 

screening conditions were relatively stringent since most fragments showed low tethering 

percentages (majority < 25 % with µ+3σ values of 16.7 %  for 14-3-3σ apo and 24.5 % for C-

Raf-bound), the results between screens were comparable and allowed for the selection of the 

strongest stabilizing fragment as the main hit. The ability to optimize screening conditions 

for local differences in target pockets is a major benefit of an irreversible covalent fragment 

screening strategy and further illustrates the suitability of the tethering approach to identify 

stabilizers for adaptive interfaces and composite PPI pockets.  
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Experimental section 

Peptide sequences. Peptides were purchased from Elim Biopharmaceuticals, Inc. (Hayward, CA.) 
and GenScript Biotech Corp. Sequences, either N-terminally acetylated or FAM-labelled, were as follows: 

AEGFPA{pT}V-COOH (ERα);  

QHRY{pS}TPHAF-CONH2 (C-Raf_pS233); QRST{pS}TPNVH- CONH2 (C-Raf_pS259); 

QHRY{pS}TPHAFTFNTSSPSSEGSLSQRQRST{pS}TPNVH-CONH2 (C-Raf_pS233pS259); 

SPSK{pS}IPIPQ-CONH2 (B-Raf_pS339); DRSS{pS}APNVH-CONH2 (B-Raf_pS365); 

SPSK{pS}IPIPQPFRPADEDHRNQFGQRDRSS{pS}APNVH-CONH2 (B-Raf_pS339pS365). 

Protein expression and purification. His6-tagged 14-3-3 proteins (full-length (FL) and ∆C) were 
expressed in NiCo21 (DE3) competent cells from a pPROEX HTb plasmid and purified using Ni2+-affinity 
chromatography. The ∆C variant meant for crystallization was treated with TEV protease to cleave off 
the His6 tag, followed by a second Ni2+ - affinity column and size exclusion chromatography, as described 
in more detail in Chapter 3. 

Mass Spectrometry. Disulfide trapping screens and dose-response titrations were performed as 
described in Chapter 3. Proteins and concentrations used in screen: 14-3-3σFL (100 nM), acetylated 
bivalent C- and B-Raf peptides (1 µM), β-mercaptoethanol (βME, 250 µM), SMDC Monophore library 
(200 µM; 100 nL from 50 mM stock). Buffer: 10 mM Tris pH 8.0, sample size: 25 µL, final 0.4 % DMSO. 

Fluorescence Anisotropy. Compound and protein titration experiments and data processing were 
performed as described in Chapter 3. Protein concentrations used in compound titrations experiments: 
ERα-pp: 1 µM; C-Raf(pS233) 25 µM; C-Raf(pS259) 10 µM. 

Synthesis of derivatives for C42-tethered fragments 

General Remarks 

Unless otherwise stated, all solvents employed were commercially available and used without 
purification. Deuterated solvents were obtained from Cambridge Isotope Laboratories. Water was 
purified using a Millipore purification train. Dry solvents were obtained from a MBRAUN Solvent 
Purification System (MB-SPS-800). All reagents were obtained from Sigma Aldrich and used without 
purification. Reaction progress was monitored by analytical thin-layer chromatography (TLC, pre-coated 
silica gel 60 F254 plates, Merck) using ultraviolet (UV) light (254 and 365 nm). Analytical liquid 
chromatography coupled with mass spectrometry (LC-MS) was performed on a C4 Jupiter SuC4300A 
150 x 2.0 mm column (using a 15 min. gradient of 5 % to 100 % acetonitrile in H2O (0.1 % formic acid)), 
connected to a ThermoFischer LCQ Fleet Ion Trap Mass Spectrometer. Preparative high-pressure 
column chromatography was performed on a GraceTM RevelerisTM system using SRC C18 cartridges. 
NMR data were recorded on a Bruker Advance-III 400 MHz equipped with a BBFO probe from Bruker 
(400 MHz for 1H-NMR and 100 MHz for 13C-NMR). Chemical shifts were reported in parts per million 
(ppm) referenced to an internal standard (d-chloroform; 7.26 ppm for 1H-NMR and 77 ppm for 13C-
NMR), relative to tetramethylsilane (TMS). 1H-NMR and 13C-NMR signals were assigned with the aid of 
two-dimensional 1H, 1H-COSY, and 1H, 13C-HSQC spectra. 
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Synthetic procedure 

2-methyl-2-phenoxypropanoic acid derivatives. To each phenol derivative (1 mmol) dissolved in DMF (2 
mL) was added tert-butyl-2-bromo-2-methylpropanoate (3 mmol), K2CO3 (4 
mmol) and MgSO4 (1 mmol). Mixtures were heated to 100 °C and stirred 
overnight under argon atmosphere. After cooling, reaction mixtures were 
extracted with EtOAc, washed with water 3x and brine. The organic layers were 
dried over MgSO4 and concentrated in vacuo. The crudes were purified by 
automated column chromatography (C18, GraceTM RevelerisTM system, 

heptane/EtOAc 0 - 20%). Purity was verified by gas chromatography-mass spectrometry (GCMS) before 
proceeding. Deprotection of the acids was performed in a solution of 1:1 DCM/TFA (3 mL), which was 
stirred at room temperature for 5 hours. Solvent was removed in vacuo to yield the pure 2-methyl-2-
phenoxypropanoic acid derivatives (40-60%). Completion of deprotection was confirmed by GCMS for 
all derivatives. 
 
N-(2-((2-(dimethylamino)ethyl)disulfaneyl)ethyl)-2-methyl-2-phenoxypropanamide derivatives. The 2-

methyl-2-phenoxypropanoic acid derivatives (0.4 mmol) were 
each dissolved in a mixture of DMF, THF and water (4 mL, 
5:4:1 v/v). To this was added cystamine (2,2’-
disulfanediylbis(ethan-1-amine), 0.21 mmol), HBTU (1.2 
mmol) and TEA (2.0 mmol). The reaction was stirred at room 
temperature overnight. Upon completion, which was verified 

with LCMS, tris(2-carboxyethyl)phosphine hydrochloride (TCEP, 0.04 mmol) and 2,2’-
disulfanediylbis(N-N-dimethylethan-1-amine) were added to the reaction mixture to initiate disulfide 
exchange. After stirring at room temperature overnight, the solvent was removed in vacuo. Products were 
purified by column chromatography (C18, GraceTM RevelerisTM system, heptane/DCM 10-70%, 
containing 4% TEA), yielding final compounds 2.1 - 2.8 (25-32%). 2.1 1H NMR (400 MHz, Chloroform-
d) δ 7.01 – 6.93 (m, 2H), 6.93 – 6.87 (m, 2H), 3.66 (q, J = 6.1 Hz, 2H), 2.89 – 2.77 (m, 4H), 2.59 (t, J = 
8.1, 6.2 Hz, 2H), 2.25 (s, 6H), 1.47 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 174.73, 153.53, 132.39, 123.11, 
116.13, 81.95, 58.54, 45.20, 38.28, 37.91, 25.16. / 2.2 1H NMR (400 MHz, Chloroform-d) δ 7.01 – 6.93 
(m, 2H), 6.93 – 6.87 (m, 2H), 3.66 (q, J = 6.1 Hz, 2H), 2.89 – 2.77 (m, 4H), 2.59 (t, J = 8.1, 6.2 Hz, 2H), 
2.25 (s, 6H), 1.47 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 174.78, 160.17, 157.77, 123.22, 123.13, 115.88, 
115.65, 81.92, 58.62, 45.35, 38.08, 37.79, 36.91, 24.94. / 2.3 1H NMR (400 MHz, Chloroform-d) δ 6.53 
(tt, J = 8.9, 2.3 Hz, 1H), 6.48 – 6.43 (m, 2H), 3.62 (q, J = 6.2 Hz, 2H), 3.08 – 2.98 (m, 2H), 2.98 – 2.91 
(m, 2H), 2.87 (t, J = 6.3 Hz, 2H), 2.62 (s, 6H), 1.55 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 174.26, 164.60, 
162.14, 156.53, 105.02, 98.84, 81.99, 57.81, 44.08, 38.43, 38.02, 33.34, 25.16. 2.4 1H NMR (400 MHz, 
Chloroform-d) δ 7.08 (t, J = 1.8 Hz, 1H), 6.84 (s, 1H), 6.83 (s, 1H), 3.66 (q, J = 6.1 Hz, 2H), 2.87 – 2.76 
(m, 4H), 2.58 (t, J = 8.0, 6.2 Hz, 2H), 2.25 (s, 6H), 1.54 (s, 6H). 13C NMR (100 MHz, CDCl3) δ 173.86, 
155.49, 135.14, 123.59, 119.70, 82.57, 58.58, 45.34, 38.12, 37.61, 36.88, 25.04. 2.5 1H NMR (400 MHz, 
Chloroform-d) δ 7.31 – 7.26 (m, 2H), 7.10 – 7.04 (m, 1H), 6.95 – 6.91 (m, 2H), 3.65 (q, J = 6.2 Hz, 2H), 
2.86 – 2.76 (m, 4H), 2.58 (t, J = 8.1, 6.2 Hz, 2H), 2.25 (s, 6H), 1.51 (s, 6H). 13C NMR (100 MHz, CDCl3) 
δ 175.02, 154.21, 129.25, 123.31, 121.35, 81.45, 58.61, 45.34, 38.13, 37.77, 36.87, 25.11. 2.6 1H NMR (400 
MHz, Chloroform-d) δ 7.11 – 7.02 (m, 2H), 6.86 – 6.79 (m, 2H), 3.65 (q, J = 6.2 Hz, 2H), 2.88 – 2.76 
(m, 4H), 2.58 (t, J = 8.1, 6.2 Hz, 2H), 2.30 (s, 3H), 2.25 (s, 6H), 1.48 (s, 6H). 13C NMR (100 MHz, CDCl3) 
δ 175.18, 151.82, 132.93, 129.72, 121.49, 81.40, 58.63, 45.35, 38.14, 38.10, 37.81, 36.91, 25.04, 20.65. 2.7 
1H NMR (400 MHz, Chloroform-d) δ 7.39 (d, J = 8.6, 1H), 6.53 – 6.49 (m, 1H), 6.43 – 6.36 (m, 1H), 3.86 
(s, 3H), 3.65 (q, J = 6.2 Hz, 2H), 2.86 – 2.76 (m, 4H), 2.60 (t, J = 8.1, 6.2 Hz, 2H), 2.27 (s, 6H), 1.53 (s, 
6H). LCMS (ESI) calc. for (2.1) C16H25BrN2O2S2 [M] 420.05; observed [M+H]+ 421.08, LC Rt = 5.76 min. 
LCMS (ESI) calc. for (2.2) C16H25FN2O2S2 [M] 360.13; observed [M+H]+ 361.08, LC Rt = 3.80 min. LCMS 
(ESI) calc. for (2.3) C16H24F2N2O2S2 [M] 378.12; observed [M+H]+ 379.00, LC Rt = 4.17 min. LCMS (ESI) 
calc. for (2.4) C16H24Cl2N2O2S2 [M] 410.07; observed [M+H]+ 411.08, LC Rt = 4.47 min. LCMS (ESI) calc. 
for (2.5) C16H26N2O2S2 [M] 342.14; observed [M+H]+ 343.08, LC Rt = 3.84 min. LCMS (ESI) calc. for (2.6) 
C17H28N2O2S2 [M] 356.16; observed [M+H]+ 357.08, LC Rt = 4.06 min. LCMS (ESI) calc. for (2.7) 
C17H27BrN2O3S2 [M] 452.06; observed [M+H]+ 453.00, LC Rt = 4.08 min. LCMS (ESI) calc. for (2.8) 
C16H24ClN3O4S2 [M] 421.09; observed [M+H]+ 422.00, LC Rt = 3.96 min. 
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Crystallography. The 14-3-3σ protein was C-terminally truncated (∆C) after T231 to enhance 
crystallization. The 14-3-3 protein, ERα and C-Raf peptides were dissolved in complexation buffer (25 
mM HEPES pH 7.5, 2 mM MgCl2, 2 mM beta-mercaptoethanol (βME)) and mixed in a 1:1.5 and 1:2 molar 
stoichiometry (protein:peptide) at a final protein concentration of 12.5 mg/mL (470 µM). The complex 
was set up for hanging-drop crystallization after 30 min incubation at 4 °C, in a custom crystallization 
liquor (0.095 M HEPES (pH7.1, 7.3, 7.5, 7.7), 0.19 M CaCl2, 24-29% (v/v) PEG 400 and 5% (v/v) 
glycerol). Crystals grew to a sufficient size within 14 days at 4 °C.  

Crystal soaks were performed by mixing 0.4 µL of 50 mM stock solutions in dimethyl sulfoxide 
(DMSO) with 2 mM βME in 3.6 µL mother liquor, which was then added to drops containing multiple 
crystals. Soaked crystals were fished after overnight incubation at 4 °C and flash-cooled in liquid 
nitrogen.  

X-ray diffraction (XRD) data were collected either in-house on a Rigaku Compact HomeLab 
(equipped with Rigaku MicroMax-003 sealed tube X-ray source and Rigaku Dectris PILATUS3 R 200K 
detector; 1433σC45/ERα/917137), at the Deutsches Elektronen-Synchrotron (DESY) PETRA-III beamline 
P11, Hamburg, Germany (1433σC45/ERα/917204 and 917209; all 1433σC42/ERα and C-RafpS233 
datasets), or at the Diamond Light Source (DLS) beamline I03, Oxfordshire, United Kingdom 
(1433σC38/C-RafpS259/917949, shift mx19800-21). 

Initial processing of all datasets (except for 1433σC38/C-RafpS259/917949 which was initially 
processed by Xia2 at the DLS server) was done using Pipedream from GlobalPhasing.22 First, Autoproc23 
ran XDS24 for data indexing and integration, and AIMLESS25,26 for scaling. The structures were phased 
by limited molecular replacement, using protein data bank (PDB) entry 4JC3 (ERα) or 3IQU (C-Raf) as 
a template, in Phaser27. Finally, Buster28 was used for initial structure refinement. Upon completion of 
the Pipedream run, the presence of soaked fragments was verified by visual inspection of the Fo-Fc and 
2Fo-Fc electron density maps in Coot29. Structure and restraints were generated using eLBOW30 or 
grade31 for successfully soaked ligands before using phenix.refine32,33 and Coot in alternating cycles for 
model building and refinement. See Tables S4.1 – S4.4 for XRD data collection, structure determination, 
and refinement statistics. 
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Supporting Information 

 
Figure S4.1 | Crystallographic overlays. 14-3-3σ(C42)/ERα-pp bound by compounds 2.1 - 2.8. a) Close-up 
view of all compounds in the same binding pocket. b) Front view of the entire 14-3-3 phospho-binding 
channel. Besides the flexible side chains of N38, E115 and D211 at the edge of the binding pocket, all 14-
3-3 residue side-chain orientations are identical between co-structures of 14-3-3σ(C42)/ERα-pp/2.1-2.8. 
F591 of ERα-pp has multiple orientations. 

 
Figure S4.2 | Primary screen mass spectrometry (MS) data for disulfide trapping. Similar compounds to 
the main hit 1 from the initial screen on 14-3-3σ(C42)/ERα-pp, with low tethering percentages (indicated 
in box for each fragment).  

 
Figure S4.3 | Primary screening data for three disulfide trapping screens. Percent tethering for each 
individual fragment of the 1600-member disulfide library for 14-3-3σ apo, B-Raf- or C-Raf-bound, 
displayed as a red triangle. Average and 3-sigma values (mean + 3 standard deviations) are indicated by 
horizontal lines in each screen. The main cooperative hit 917949 is indicated for the B-Raf and C-Raf 
screens. 
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Figure S4.4 | Binding curves for C-Raf to 14-3-3. Titrations of 14-3-3σ and γ to monovalent C-Raf(pS233), 
C-Raf(pS259) and bivalent C-Raf(pS233,pS25) phosphopeptides and resulting apparent Kd values for the 
interactions. Protein concentration (14-3-3σ) selected for fragment titrations are indicated in blue. 

 
Figure S4.5 | Titration data for disulfide trapping screening hits, first 15. Fluorescence anisotropy dose-
response data for fluorescein-labeled C-Raf phosphopeptides (pS233, left; pS259, right) binding to 14-3-
3σ upon titration of disulfide fragments, and corresponding EC50 value indicated for (most) active 
fragment.  
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Figure S4.6 | Titration data for disulfide trapping screening hits, second 15. Fluorescence anisotropy 
dose-response data for fluorescein-labeled C-Raf phosphopeptides (pS233, left; pS259, right) binding to 
14-3-3σ upon titration of disulfide fragments, and corresponding EC50 value indicated for (most) active 
fragment.  
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Figure S4.7 | EC50 values for disulfide trapping screening hits. EC50 values for most active fragments are 
indicated in green, less active in orange. 

 

 

 
Figure S4.8 | Stabilization of 14-3-3/C-Raf by most active disulfide trapping screening hits. 14 fragments 
were selected based on EC50 values resulting from compound titration experiments to be included. 
Fluorescein-labeled C-Raf phosphopeptides (pS233, left; pS259, right) were titrated with 14-3-3σ in the 
absence (DMSO, buffer) or presence of disulfide fragments (100 µM). 
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Table S4.1: XRD data collection and refinement statistics for 14-3-3σ Cys45 structures 

14-3-3σ ∆C  

C38N-S45C 
ERα / 917137 ERα / 917204 ERα / 917209 

Data collection    

Wavelength (Å) 1.54 1.033 1.033 

Resolution (Å)a 66.26-1.70 
(1.73-1.70) 

66.25-1.15 
(1.17-1.15) 

66.29-1.15 
(1.17-1.15) 

Space group C2221 C2221 C2221 

Unit cell 82.91 112.71 62.64 81.97 112.51 62.70 82.07 112.43 62.50 

Total reflectionsa 181967 (2730) 1190980 (21679) 1199822 (21485) 

Unique reflectionsa 30939 (1067) 100737 (3954) 99856 (3878) 

Multiplicitya 5.9 (2.6) 11.8 (5.5) 12.0 (5.5) 

Completeness (%)a 95.9 (64.2) 98.0 (78.1) 97.6 (77.9) 

Average I/σ(I)a 22.1 (3.5) 19.0 (1.1) 24.8 (1.1) 

Wilson B-factor (Å2) 6.1 10.5 11.6 

CC1/2a,b,c 0.999 (0.894) 1.0 (0.558) 1.0 (0.449) 

Rmergea,c,d 0.052 (0.253) 0.060 (1.273) 0.048 (1.409) 

Rmeasa,c,e 0.063 (0.335) 0.065 (1.536) 0.052 (1.708) 

Refinement    

Reflections in set: 
Refinement / R-free 

30907 / 811 100698 / 4875 99827 / 2541 

Non-H atoms: 
protein / peptide / 
water / ligand  

1898 / 42 / 402 / 21 1939 / 42 / 373 / 16 1964 / 42 / 330 / 22 

Rwork / Rfree (%) 17.1 / 21.3 18.5 / 19.4 19.2 / 19.6 

RMSD from ideal 
geometry: bond 
length (Å)/angles (°) 

0.006 / 0.759 0.011 / 1.151 0.004 / 0.777 

Average protein  
B-factor (Å2) 

13.03 15.77 16.74 

Ramachandran:  
favored/outliers (%) 

98.3 / 0.0 98.3 / 0.00 98.3 / 0.0 

Clashscore 1.03 2.27 2.24 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs34 
c Value reported by Aimless (version xx) 

 

d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│√(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h  
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Table S4.2: XRD data collection and refinement statistics for 14-3-3σ Cys42 structures, part I 

14-3-3σ ∆C 

C38N-N42C 
ERα / 2.1 ERα / 2.2 ERα / 2.3 ERα / 2.4 

Data collection     

Wavelength (Å) 1.033 1.033 1.033 1.033 

Resolution (Å)a 66.05-1.40 
(1.42-1.40) 

65.78-1.45 
(1.48-1.45) 

65.96-1.40 
(1.42-1.40) 

65.75-1.45 
(1.47-1.45) 

Space group C2221 C2221 C2221 C2221 

Unit cell 
81.70 112.20 

62.26 
81.38 111.72 62.13 

81.57 112.10 
62.26 

81.32 111.74 
62.13 

Total reflectionsa 167476 (11399) 603817 (27230) 595358 (10735) 543109 (7889) 

Unique reflectionsa 52725 (1826) 48005 (2563) 52562 (1994) 48757 (1786) 

Multiplicitya 11.7 (6.2) 12.6 (10.6) 11.3 (5.4) 11.1 (4.4) 

Completeness (%)a 93.2 (64.0) 95.1 (99.9) 93.2 (72.6) 96.8 (73.1) 

Average I/σ(I)a 23.0 (1.9) 15.7 (1.7) 24.7 (1.1) 13.0 (0.9) 

Wilson B-factor (Å2) 14.8 17.8 18.8 16.0 

CC1/2a,b,c 0.999 (0.698) 0.999 (0.690) 1.0 (0.422) 0.998 (0.427) 

Rmergea,c,d 0.056 (0.810) 0.082 (1.405) 0.044 (1.144) 0.095 (1.151) 

Rmeasa,c,e 0.060 (0.956) 0.089 (1.554) 0.048 (1.403) 0.104 (1.474) 

Refinement     

Reflections in set: 
Refinement / R-free 

52699 / 2667 47948 / 2367 52530 / 2649 48724 / 2411 

Non-H atoms: 
protein / peptide / 
water / ligand  

1906 / 46 / 280 / 
17 

1921 / 46 / 235 / 
17 

1885 / 46 / 244 / 
18 

1877 / 42 / 259 / 
18 

Rwork / Rfree (%) 17.8 / 20.4 18.9 / 20.1 18.4 / 20.6 19.1 / 20.8 

RMSD from ideal 
geometry: bond 
length (Å)/angles(°) 

0.011 / 1.171 0.006 / 0.850 0.014 / 1.335 0.005 / 0.795 

Average protein  
B-factor (Å2) 

18.17 21.29 22.71 21.11 

Ramachandran:  
favored/outliers % 

98.3 / 0.0 98.7 / 0.0 98.3 / 0.0 98.3 / 0.00 

Clashscore 1.80 1.79 1.30 1.83 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs34 
c Value reported by Aimless (version xx) 

 

d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│√(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h  
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Table S4.3: XRD data collection and refinement statistics for 14-3-3σ Cys42 structures, part II 

14-3-3σ ∆C 

C38N-N42C 
ERα / 2.5 ERα / 2.6 ERα / 2.7 ERα / 2.8 

Data collection     

Wavelength (Å) 1.033 1.033 1.033 1.033 

Resolution (Å)a 66.04-1.20 
(1.22-1.20) 

66.04-1.48 
(1.51-1.48) 

66.32-1.10 
(1.12-1.10) 

66.05-1.30 
(1.32-1.30) 

Space group C2221 C2221 C2221 C2221 

Unit cell 
81.70 112.16 

62.27 
81.74 112.09 

62.30 
82.00 112.76 

62.49 
81.72 112.16 62.51 

Total reflectionsa 1064974 (22511) 624764 (30314) 1014756 (17279) 915553 (43405) 

Unique reflectionsa 89026 (4245) 47850 (2329) 116246 (5118) 70776 (3463) 

Multiplicitya 12.0 (5.3) 13.1 (13.0) 8.7 (3.4) 12.9 (12.5) 

Completeness (%)a 99.6 (94.3) 99.8 (99.6) 99.3 (89.4) 100.0 (99.9) 

Average I/σ(I)a 18.2 (1.4) 17.8 (1.6) 15.5 (1.4) 10.0 (0.9) 

Wilson B-factor (Å2) 11.8 14.9 8.7 11.9 

CC1/2a,b,c 0.999 (0.535) 1.0 (0.657) 0.999 (0.590) 0.998 (0.355) 

Rmergea,c,d 0.062 (1.065) 0.088 (1.666) 0.060 (0.695) 0.144 (3.007) 

Rmeasa,c,e 0.068 (1.290) 0.095 (1.803) 0.067 (0.906) 0.156 (3.274) 

Refinement     

Reflections in set: 
Refinement / R-free 

88989 / 4482 47829 / 2330 116209 / 5748 70735 / 1798 

Non-H atoms: 
protein / peptide / 
water / ligand 

1901 / 42 / 275 / 
16 

1912 / 42 / 295 / 
17 

2001 / 42 / 343 / 
19 

1912 / 42 / 309 / 
20 

Rwork / Rfree (%) 18.5 / 20.7 18.0 / 21.2 18.5 / 19.7 19.3 / 20.1 

RMSD from ideal 
geometry: bond 
length (Å)/angles(°) 

0.012 / 1.219 0.015 / 1.400 0.011 / 1.143 0.005 / 0.823 

Average protein  
B-factor (Å2) 

17.47 21.00 14.36 17.19 

Ramachandran:  
favored/outliers % 

98.7 / 0.0 98.7 / 0.0 98.7 / 0.0 98.3 / 0.0 

Clashscore 0.78 1.80 0.98 1.80 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs34 
c Value reported by Aimless (version xx) 

 

d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│√(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h  
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Table S4.4: XRD data collection and refinement statistics for 14-3-3σ Cys38 structures 

14-3-3σ ∆C 

WT (C38) 
C-RafpS233 

C-RafpS233 / 

917949 
C-RafpS259 / 

917949 
ERα / 917949 

Data collection     

Wavelength (Å) 1.033 1.033 0.976 1.033 

Resolution (Å)a 66.42-1.45 
(1.47-1.45) 

66.29-1.53 
(1.56-1.53) 

34.31-1.25 
(1.27-1.25) 

66.01-1.36 
(1.38-1.36) 

Space group C2221 C2221 C2221 C2221 

Unit cell 
82.45 112.12 

62.61 
82.12 112.31 

62.86 
81.88 112.29 

62.865 
81.74 111.90 

62.56 

Total reflectionsa 550736 (8359) 530789 (12301) 960578 (20489) 646281 (6954) 

Unique reflectionsa 48402 (1442) 43911 (1989) 74494 (2208) 59511 (2234) 

Multiplicitya 11.4 (5.8) 12.1 (6.2) 12.9 (9.3) 10.9 (3.1) 

Completeness (%)a 93.7 (57.8) 99.4 (92.3) 93.2 (57.0) 100.0 (69.3) 

Average I/σ(I)a 12.2 (1.2) 9.5 (1.6) 37.9 (6.7) 26.5 (1.7) 

Wilson B-factor (Å2) 16.3 17.5 11.5 14.3 

CC1/2a,b,c 0.999 (0.554) 0.994 (0.759) 1.0 (0.971) 1.0 (0.683) 

Rmergea,c,d 0.097 (1.104) 0.144 (0.751) 0.031 (0.263) 0.043 (0.545) 

Rmeasa,c,e 0.105 (1.313) 0.156 (0.895) 0.034 (0.295) 0.047 (0.717) 

Refinement     

Reflections in set 
Refinement / R-free 

48373 / 2471 43772 / 1106 74478 / 7166 59484 / 1487 

Non-H atoms: 
protein / peptide / 
water / ligand  

2015 / 72 / 276 / 
0 

1925 / 81 / 250 / 
25 

1861 / 68 /  291 / 
25 

1894 / 46 / 306 / 
25 

Rwork / Rfree (%) 18.3 / 20.4 18.7 / 20.7 19.1 / 20.4 18.8 / 20.9 

RMSD from ideal 
geometry: bond 
length (Å)/angles(°) 

0.009 / 0.842 0.013 / 1.122 0.012 / 1.213 0.006 / 0.948 

Average protein  
B-factor (Å2) 

22.02 25.20 18.32 19.26 

Ramachandran:  
favored/outliers % 

97.5 / 0.0 98.3 / 0.0 98.7 / 0.0 98.3 / 0.0 

Clashscore 0.74 2.47 5.46 2.36 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs34 
c Value reported by Aimless (version xx) 

 

d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│√(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h  
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Abstract 

The hub protein 14-3-3 is an important regulator of a wide range of cellular client proteins, 

including Nuclear Receptors (NRs) that modulate gene expression in response to binding of 

small hydrophobic ligands to a ligand-binding pocket. Antagonists targeting the same site 

comprise the current paradigm for NR drug development. The regulation of NR function by 

14-3-3 has been proposed as an alternative therapeutic mechanism and illustrated previously 

for 14-3-3/ERα. Here, novel 14-3-3 binding motifs in the Estrogen-Related Receptor gamma 

(ERRγ) and the Glucocorticoid Receptor (GR) are characterized. One motif was found to 

display a cysteine residue at the +1 position, relative to the phosphorylated serine, which was 

subjected to a disulfide-trapping screen by fluorescence polarization (‘FP-tethering’). A co-

crystal structure validates the strategy and reveals the molecular mechanism of stabilization. 

 

 
 
 
 
 
 

The work described in this chapter will be submitted for publication: E. Sijbesma, B. Somsen,  
I. A. Leijten-van de Gevel, M. R. Arkin, C. Ottmann & L. Brunsveld.  
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Introduction 

The development of small molecule drugs for the therapeutic modulation of disease 

proteins has for a large part been dominated by targeting deep cavities on enzymes, ion 

channels, and receptors1,2, and many of these molecules act by competing for binding with 

endogenous ligands in the active site.3,4 Even though a successful strategy, a wide range of 

disease-related proteins are inaccessible for small molecule modulation due to large and flat 

protein interfaces5 or intrinsically disordered domains6–8 generally lacking deep pockets. An 

additional challenge is posed by the occurrence of constitutively active and or therapy-resistant 

disease mutant proteins.9–12 Together, these intractable proteins became known under the 

term ‘undruggable’ targets, yet important advances have been made which currently starts to 

shift this perspective.13 A promising alternative for difficult-to-target proteins is modulating 

their interactions with regulatory proteins.  

The 14-3-3 proteins are a family of adaptors regulating the activity, cellular localization, 

and stability of client proteins by docking onto specific, mostly phosphorylated, motifs in their 

sequence.14,15 This important and widespread guardian function of 14-3-3 and the large 

number of cellular binding partners provides them a central position at critical nodes in 

signaling networks involved in disease.16 Targeting 14-3-3/client complexes thus potentially 

enables therapeutic intervention in previously inaccessible pathways. 

It has been previously reported that the stabilization of specific 14-3-3 protein-protein 

interactions (PPIs) results in desirable physiological outcomes, as exemplified for 14-3-3 

bound to the Estrogen Receptor alpha (ERα)17 or the protein kinase C-Raf18–20. Stabilization 

of the 14-3-3/ERα complex by the natural product Fusicoccin-A (FC-A) was found to decrease 

the oncogenic transcriptional activity of ERα17, whereas the related Cotylenin-A (CN-A) in 

combination with an anti-EGFR antibody, suppressed the growth of RAS mutant tumors, by 

binding to the 14-3-3/C-Raf complex.19 The complicated structures of these natural products 

and their lack of specificity hamper facile further development into potential drugs, yet as tool 

compounds, they have shown the potential of selectively stabilizing 14-3-3/client complexes 

for disease pathway modulation. Furthermore, the FC-A and CN-A binding site in the 

respective 14-3-3 protein complexes provide a validated druggable pocket. This justifies the 

search for novel compounds with this mode of action. The discovery of such compounds is 

extremely challenging, as apparent from the fact that examples of systematic small molecule 

enhancer discovery in the literature are scarce. Chapter 3 and 4 presented results for an 

innovative fragment-based drug discovery strategy for the identification of novel chemical 
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structures with stabilatory activity towards the 14-3-3/ERα complex, which comprise 

promising hits for the further development into drug leads as 14-3-3/ERα PPI stabilizers. 

Herein, novel interaction motifs found in two other Nuclear Receptors (NRs) are 

characterized and structurally elucidated. The members of the NR superfamily of ligand-

responsive transcription factors are master regulators of specific target genes under their 

control and are implicated in a range of pathological conditions.21 Whereas the 

phosphorylated 14-3-3 binding motif at the C-terminal tip of ERα has been validated already a 

number of years ago, 14-3-3 recognition motifs in the sequences of several other NRs have 

been hypothesized based on cellular and proteomics studies, but structural details and the 

molecular mechanisms remain to be unraveled.22–26 The focus here is on the Estrogen Related 

Receptor gamma (ERRγ) and the Glucocorticoid Receptor (GR), which are highly relevant 

drug targets for insulin metabolism and immune system regulation, respectively. 

Furthermore, the endogenous regulatory function of 14-3-3 in their signaling pathways has 

been established.23,26,27 Finally, their 14-3-3 binding motifs proposed in the literature reside in 

the unstructured N-terminal domain (GR) and DNA-binding domain (DBD; ERRγ), which 

are notoriously hard-to-drug sites in these multi-domain proteins. Studying the druggability 

of protein complexes comprised of phosphorylated motifs derived from these domains with 

14-3-3 potentially delivers novel regulatory concepts for NR activity. 

Interestingly, the motif in the ERRγ-DBD resides in the second Zn2+-coordinating Cys4-

structural fold (zinc finger; Znf) of the domain. Indeed, upon solving the co-crystal structure 

of 14-3-3 bound by a short phosphopeptide motif, the cysteine at the +1 position with respect 

to the phosphorylated serine (S179) was found to directly point into the 14-3-3 FC-A binding 

site. It is, therefore, envisioned to explore a variant of the fragment-based approach known as 

disulfide trapping, which was successfully applied for the identification of PPI stabilizers as 

described in Chapters 3 and 4. Whereas the ligands presented in that work bound to a cysteine 

residue on the 14-3-3 protein, here the cysteine is found on the client, providing an interesting 

avenue for increasing selectivity of cysteine-trapped PPI stabilizers. 

 

Validation of novel 14-3-3 interaction motifs in Nuclear Receptors 

The Estrogen Related Receptor gamma (ERRγ) is the main regulator of glucose production 

in the liver by inducing transcription of the genes coding for glucose-6-phosphatase (G6pc) 

and phosphoenolpyruvate carboxykinase 1 (Pck1).28–30 Increased transcriptional activity of 

ERRγ results in insulin resistance and hyperglycemia by the upregulated levels of these two 
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rate-limiting enzymes for gluconeogenesis.28 This pathway is under physiological conditions 

regulated by insulin, which promotes the phosphorylation of ERRγ (S179) by PKB, driving 14-

3-3 binding, resulting in decreased nuclear localization (Figure 5.1).27 In metabolic disease, 

insulin resistance results in increased hepatic gluconeogenesis, as is observed for example in 

diabetes type 2 which represents a major health challenge in the current population.31 A 

potential mechanism to restore the balance in ERRγ regulation is to enhance the endogenous 

regulatory function of 14-3-3 by stabilizing the ERRγ/14-3-3-bound state, thereby retaining it 

in the cellular cytoplasm. It is thus hypothesized that a small molecule stabilizer of the 

ERRγ/14-3-3 complex could provide an alternative avenue for future treatment options of type 

2 diabetes. Since the molecular mechanism remains yet to be unraveled for this protein 

complex, the initial focus is on the biochemical characterization of the 14-3-3/ERRγ interaction 

and the elucidation of the molecular structure of the complex. 

 

Figure 5.1 | 14-3-3 mediated inhibition of Estrogen Related Receptor gamma (ERRγ) transcriptional 
activity. a) Schematic representation of the ERRγ domain organization, including the N-terminal 
domain (NTD), DNA-binding domain (DBD) and ligand-binding domain (LBD). AF: activation 
function. The 14-3-3 interaction motifs studied in this work and their relative position in the ERRγ 
protein sequence are indicated. b) Simplified representation of the cellular signaling pathway for 
insulin-regulated ERRγ activity. ERRγ activates gene transcription for glucose-6-phosphatase 
(G6pc) and phosphoenolpyruvate carboxykinase 1 (Pck1). Upon insulin binding to its receptor, a 
signaling cascade is initiated resulting in protein-kinase B (PKB) mediated ERRγ phosphorylation 
which drives 14-3-3 binding. 14-3-3-bound ERRγ is retained in the cellular cytoplasm, leading to 
transcriptional inhibition, and resulting in decreased glucose levels. In an imbalanced system, it is 
hypothesized a small molecule stabilizer of the 14-3-3/ERRγ complex potentially enhances the 
endogenous regulatory function of 14-3-3. 
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Binding of the phosphorylated serine 179 motif in the ERRγ DBD to all seven 14-3-3 

isoforms was confirmed by fluorescence anisotropy (Figure 5.2a). An additional motif in the 

ligand-binding domain (LBD) identified by the 14-3-3 prediction tool32, developed in the 

Barton group at the University of Dundee, was additionally included in these binding studies 

(Figure 5.2b). Both phosphopeptides (8-mers, with the phosphorylated serine at the 6th 

position) were found to bind the strongest to the 14-3-3 gamma isoform, showing sub-

micromolar affinities, which was confirmed by isothermal titration calorimetry (Figure 5.2c-

e). Since the surrounding sequence for the LBD motif was found to be very hydrophobic, 

complicating solubility, the further focus was on the ERRγ DBD motif. Interestingly, a similar 

affinity for five of seven 14-3-3 isoforms was found for a 12-mer phosphopeptide, yet a 5-fold 

increase in affinity was found for the eta isoform, which now approached the 14-3-3γ sub-

micromolar range, and a 2-fold decrease was observed for sigma (SI Figure S5.1a-c). The main 

difference between the otherwise highly conserved sequence between 14-3-3 isoforms resides 

in the various lengths of their C-termini, which is located at one end of the primary 14-3-3 

binding groove, which is on the side where residues N-terminal to the phosphorylated residue 

in most phosphopeptides, are found to bind.  

A hypothesized 14-3-3 binding motif in the N-terminal domain (NTD) of the 

Glucocorticoid Receptor (GR) surrounding phosphorylated serine 134 was furthermore 

validated (SI Figure S5.1d-h). An 8-mer phosphopeptide was found to bind all 14-3-3 isoforms 

with low micromolar affinity. Whereas the preference for the gamma isoform was not as 

evident as for both ERRγ motifs, since all were in the same range, it still did show the strongest 

binding to 14-3-3γ which was also observed for a 12-mer phosphopeptide. Interestingly, all 14-

3-3 isoform binding affinities decreased for the GR-NTD 12-mer, and again the largest drop 

was observed for the sigma isoform, by 10-fold.  

Whereas this might be an interesting finding to further study the effect of the 14-3-3 C-

terminus on peptide length and sequence, potentially providing additional insights in 14-3-3 

isoform specificity, it was not in the scope of the aims for the work described here. 
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Figure 5.2 | Binding of ERRγ motifs to 14-3-3. a-c) Validation of ERRγ-derived phosphopeptides 
binding to 14-3-3 as shown by fluorescence anisotropy for seven 14-3-3 isoforms for a motif derived 
from the ERRγ DNA-binding domain (DBD, a) and ERRγ ligand-binding domain (LBD, b) with 
resulting apparent Kd values for the interactions (c). d,e) Binding of ERRγ DBD (d) and LBD (e) 
phosphopeptides to the 14-3-3 gamma isoform (14-3-3γ) in isothermal titration calorimetry, with 
resulting Kd values for the interactions.  

14-3-3/ERRγ crystal structure reveals cysteine residue in druggable pocket 

It was next prioritized to gain structural insights of the interactions and for this solved the 

co-crystal structures of the ERRγ-derived phosphopeptides binding to 14-3-3. Crystals were 

obtained for 14-3-3σ bound by the ERRγ LBD 8-mer (Figure 5.3) or ERRγ DBD 12-mer (Figure 

5.4), which diffracted to 1.9 Å and 1.5 Å, respectively. 

The electron density for the ERRγ LBD motif allowed to model five residues of the 8-mer 

peptide (sequence: SL{pS319}FE; Figure 5.3b,d). Polar contacts were observed between the 

phospho-group of S319 of ERRγ and K49, R56, R129 and Y130 of 14-3-3; additionally between 

14-3-3’s N175 and the backbone of F320 of ERRγ; furthermore between N226 of 14-3-3 and 
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both the carbonyl and amine of the backbone of ERRγ’s L318; and finally between S317 of 

ERRγ with both W230 and E182 of 14-3-3 (Figure 5.3 c,d). The ERRγ peptide backbone turns 

perpendicular out of the 14-3-3 groove due to the phenyl group of F320 and a polar interaction 

between its carbonyl with the phospho-group of S319 coordinated via a water molecule. 

 

 

Figure 5.3 | Co-crystal structure of 14-3-3σ bound by phosphorylated ERRγ LBD motif. a) Front view 
of 14-3-3 monomer (white surface) bound by ERRγ phosphopeptide (yellow sticks). b) Close-up view 
of the primary binding groove. 2Fo-Fc electron density maps are contoured at 1σ. c,d) Side and front 
view of the peptide in the binding groove of 14-3-3 (white cartoon and sticks representation). Polar 
contacts are depicted as black dotted lines. 

The electron density for the ERRγ DBD motif revealed six amino acids of the 12-mer 

phosphopeptide (sequence: RRK{pS179}CQ; Figure 5.4b,d). The same polar contacts as found 

for the LBD peptide were observed between the phospho-group of S179 in the Arg-Arg-Tyr 

triad, and additionally with K49. Additional similarities were observed for N175 and N226 of 

14-3-3, which interact with the backbone of an ERRγ peptide residue; here C180, and with both 

the carbonyl and amine of the backbone of an ERRγ residue; here K178, respectively. 
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Furthermore, two polar contacts are observed between E182 and the guanidinium group of 

R177. The three guanidinium groups of R177 and R178 in ERRγ and R60 of 14-3-3 form a 

triple stack, a structural feature that has been observed previously for other 14-3-3 binding 

partner-derived motifs which are rich in arginine residues in this region, for example, TASK3 

(PDB entry 3P1N). 

 

Figure 5.4 | Co-crystal structure of 14-3-3σ bound by phosphorylated ERRγ DBD motif. a) Front 
view of 14-3-3 monomer (white surface) bound by ERRγ phosphopeptide (orange sticks). b) Close-
up view of the primary binding groove. 2Fo-Fc electron density maps are contoured at 1σ. c,d) Side 
and front view of the peptide in the binding groove of 14-3-3 (white cartoon and sticks 
representation). Polar contacts are depicted as black dotted lines.  

Interestingly, this structure revealed a cysteine residue at the +1 position (C180) with 

respect to the phosphorylated serine, which was oriented to point directly into the pocket of 

14-3-3 where Fusicoccin-A (FC-A) is known to bind. This peptide motif resides in the second 

zinc finger (Znf) motif of the ERRγ DBD and C180 is a part of the Zn2+-coordinating Cys4 

structural fold. Yet the orientation of the residue in the context of the rest of the sequence, 

occupying the 14-3-3 binding groove in a way that provides a druggable pocket with this 

cysteine at the edge, had not been apparent before solving this co-crystal structure. 
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Fusicoccin-A is not a stabilizer of the interaction between 14-3-3 and ERRγ 

Since both co-structures of 14-3-3 bound by ERRγ phospho-motifs revealed a druggable 

pocket, initial analysis of druggability was performed by studying the stabilization of the 

interactions by our tool compound, FC-A. Interestingly, none of the motifs described in this 

work showed any significant stabilization by FC-A (Figure 5.5a and SI Figure S5.3). 

Apparently, F320 and C180 of the ERRγ LBD and DBD motifs clash with the binding of FC-

A in the pocket. Whereas the phenylalanine side chain is probably physically in the way, the 

cysteine side chain is much smaller but its polar nature might not be compatible with FC-A 

binding. The strong stabilization for 14-3-3/ERα by FC-A (Figure 5.5b) can partly be explained 

by the hydrophobic interaction that is observed between FC-A and the C-terminal V595 of 

ERα, whereas FC-A binding is not tolerated by the ERRγ C180 and Q181 side chains, as 

apparent from a crystallographic overlay (Figure 5.5c). 

 

 

Figure 5.5 | Fusiccocin-A stabilizes 14-3-3/ERα but does not stabilize 14-3-3/ERRγ. a,b) Fluorescence 
anisotropy data for fluorescein-labeled ERRγ (a) and ERα (b) phosphopeptides titrated with 14-3-3 
in the absence (DMSO control) or presence of FC-A (50 µM). c) Crystallographic overlay of 14-3-3 
(white surface) bound by ERRγ DBD peptide (orange sticks) or ERα peptide (green sticks) and FC-
A (yellow, semi-transparent sticks; PDB entry 4JDD). 

Disulfide trapping by fluorescence polarization (FP-tethering) for stabilizers 

The crystal structure of 14-3-3 bound by the ERRγ DBD motif with C180 oriented towards 

the 14-3-3 FC-A binding pocket raised our great interest due to its enormous potential from a 

drug discovery perspective. Chapters 3 and 4 presented the successful application of disulfide 

trapping (‘tethering’) for the discovery of PPI stabilizers, as exemplarily illustrated for the 

interactions of 14-3-3 with ERα and C-Raf. In this approach, 14-3-3 containing a cysteine 

residue in close proximity to the druggable pocket was incubated with a disulfide-containing 

fragment-library in apo or phosphopeptide-bound state under reducing conditions, and the 

protein-fragment conjugation was analyzed by intact protein mass spectrometry (MS).  
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Here, it was envisioned to target the cysteine residue on the client-derived peptide for 

disulfide trapping. In this screening paradigm, fragments with an inherent affinity for the 

target pocket in the 14-3-3/ERRγ DBD (C180) complex show stronger conjugation due to the 

stabilization of the disulfide. In this way, potential PPI stabilizers can be detected by their 

high tethering to the target cysteine on the ERRγ peptide, due to binding in a 14-3-3/ERRγ 

composite pocket that only exists in the context of this specific protein/peptide complex. This 

potentially eliminates in the early screening stage the problem of off-target effects for a large 

part already, since the combination of the 14-3-3 pocket and the cysteine residue on the client 

only exists in the targeted PPI complex, whereas tethering to a cysteine on the 14-3-3 protein 

with high intrinsic affinity has a larger risk of yielding promiscuous binders which affect 

several 14-3-3 PPI. 

The automated data processing pipeline for tethering screens by MS had been set-up to 

analyze disulfide trapping to proteins (ideally with molecular weight > 10 kDa, roughly)33, 

which was not straightforwardly optimized for peptides. Since the ERRγ motif is part of a 

cysteine-rich DNA-binding domain the design of a larger construct for screening, beyond the 

phosphopeptide, is complicated. Therefore, the potential of fluorescence anisotropy as a 

primary read-out for disulfide trapping was investigated (‘FP-tethering’, Figure 5.6a). The FP-

tethering screen was designed to aim for identification of fragments that enhanced ERRγ 

binding to 14-3-3 by engaging the 14-3-3 target pocket while disulfide-bound to ERRγ C180 

(Figure 5.6b), providing the additional benefit of a selection for functionality (enhanced PPI 

complex formation) versus for simply binding of the fragment. 

The protein/peptide complex of 14-3-3 and ERRγ DBD phosphopeptide was therefore 

incubated with 1600 individual disulfide fragments under reducing conditions, at a protein 

concentration where initially ~ 40 % of the peptide was bound, close to the infliction point of 

the binding curve (1 µM, Figure 5.6b). The read-out of this screen was functional stabilization 

as a result of fragment binding, as observed by an increase of the anisotropy (Figure 5.6d and 

SI Figure S5.4).  

The entire library was screened in a set of five 384-well plates, where each well contained an 

individual fragment (320 per plate; 1600 in total), and fluorescence anisotropy was measured 

for all five plates, at several time points. Fragments were categorized as ‘hits’ based on cut-off 

values of the mean plus 2 or 3 times the standard deviation (µ + 2σ or µ + 3σ), within each 

plate, at each time point. The final selection of hits was based on their marking as a hit in 

each of the time points, an increase of anisotropy over time, or both. 
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Figure 5.6 | FP-tethering for the identification of protein-protein interaction stabilizers. a) Cartoon 
representation of disulfide trapping screen for PPI stabilizers by fluorescence anisotropy. The 
fluorescently labeled Cys-containing peptide is initially weakly bound to the protein, as evidenced 
by low FP (low anisotropy). Upon incubation with a disulfide fragment library, FP is increased as 
a result of enhanced peptide/protein binding due to the binding of a Cys-trapped fragment 
stabilizer. b) Target pocket for 14-3-3/ERRγ DBD with C180 of the ERRγ peptide motif oriented 
towards the 14-3-3 druggable pocket. c) Preparatory experiment for screening: fluorescence 
anisotropy dose-response curves for ERRγ DBD phosphopeptide binding to 14-3-3γ in the presence 
of 250 µM beta-mercaptoethanol (βME) and 0.5 % DMSO (final buffer conditions used in screen) 
to determine protein concentration for the FP-tethering screen. 1 µM was selected as an appropriate 
concentration to allow for an optimal assay window selecting for enhancement while also being 
able to observe inhibitory effects on PPI complex formation. d) FP-tethering screening data in one 
of five plates (320 individual disulfide fragments, plate 5 displayed here, see SI Figure S5.4 for 
plates 1 - 4). Anisotropy values for each well containing individual fragments are indicated (gray 
dots), arbitrarily pooled and plotted for each separate row in the screening plate. DMSO controls 
(blue dots), negative control (ERRγ peptide only; low FP; red dots) and positive control (250 µM 14-
3-3γ, ERRγ peptide fully bound; high FP; green diamonds) are indicated. A selected hit is indicated 
(960010). 

A total of 30 disulfide fragments were selected for validation in dose-response experiments 

(Figure 5.7). Four were excluded as they were found to be fluorescent artifacts, and one 

(917607) was found to be inactive as observed from a flat line in fluorescence anisotropy 

titration data (Figure 5.7c). All other fragments resulted in enhanced binding of the ERRγ 

DBD phosphopeptide to 14-3-3γ, with very similar stabilatory activity. 
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Figure 5.7 | Stabilization of 14-3-3/ERRγ-DBD by disulfide fragments. Dose-response fluorescence 
anisotropy data for disulfide titrations to 14-3-3γ and ERRγ DBD-derived phosphopeptide. 

Binding mode for tethering hit fragment elucidated in co-crystal structure 

All 30 selected fragments were soaked in co-crystals of 14-3-3σ and the ERRγ DBD 

phosphopeptide. One of the co-structures revealed additional electron density, for 960010, 

allowing to model the entire fragment in the density which was very clear and continuous, 

covering all atoms of the fragment structure (Figure 5.8). The fragment was clearly disulfide-

bonded to C180 of the ERRγ DBD phosphopeptide and made polar contacts with two water 

molecules via its carbonyl (Figure 5.8b,c). A side chain flip for Q181 of ERRγ peptide was 

observed compared to the protein/peptide binary crystal structure, to accommodate the 

fragment binding in the pocket (Figure S5.9). The phenyl group of the fragment engaged the 

14-3-3 druggable pocket and positioned downwards to bury the meta- fluorine substitution 

fully in a deep cavity. Additionally, the methylated amide was oriented so that the methyl 

group pointed upward, towards the hydrophobic residues in helix 9 of 14-3-3 which comprise 

the ‘roof’ of the pocket. 

The stabilatory activity of this fragment towards the 14-3-3/ERRγ DBD (C180) protein 

complex was further studied in a titration experiment where the fluorescently-labeled ERRγ 

DBD phosphopeptide was titrated with 14-3-3γ in the presence of DMSO (control) or 

increasing concentrations of 960010, resulting in a concentration-dependent PPI 

stabilization of up to 10-fold (Figure 5.8d). 
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Figure 5.8 | Elucidation of the molecular mechanism of 14-3-3/ERRγ DBD stabilization by 960010. 
a) Front view of a 14-3-3σ monomer (white surface) bound by ERRγ DBD phosphopeptide (orange 
sticks) with disulfide-bound 960010 (turquoise sticks). b,c) Close-up views of ERRγ DBD-960010 
in the 14-3-3 binding groove (white semi-transparent surface, cartoon, sticks), front (b) and side (c). 
2Fo-Fc electron density maps are contoured at 1σ. Depicted are polar contacts (black dotted lines) 
and water molecules (red spheres). d) Chemical structure of 960010 and fluorescence anisotropy 
data for 14-3-3γ titrations to the ERRγ DBD phosphopeptide in the presence of increasing 960010 
concentrations, with resulting apparent Kd values and fold-stabilization indicated. 

 

Figure 5.9 | Crystallographic overlays of co-structures 14-3-3/ERRγ-DBD. Conformation of ERRγ 
DBD-derived phosphopeptide binding in the groove alone, or with C180-tethered 960010, reveals 
identical orientations for all residues, except for a Q181 side chain flip, which is required to 
accommodate C180-tethered 960010 in the pocket. 
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Interestingly, a crystallographic overlay with the co-structure of 14-3-3 bound by an ERα 

phosphopeptide and Cys42-tethered stabilizer 2, as reported in Chapter 3, revealed the 

identical subpocket engaged by the two fragments (Figure 5.9). Whereas both are disulfide-

trapped to cysteines at different sites, with 2 tethered to C42 of 14-3-3, and 960010 tethered 

to C180 on the client peptide, both anchoring points and linkers allow for similar orientations 

of the fragments. Remarkably, even though the halogen substituent is not at the same position 

(meta-fluorine versus para-chloro), the phenyl rings are tilted in such a way that the halogens 

nearly overlap comparing between the two binding modes. An additional similarity is the 

methyl group pointing upwards in the direction of an ensemble of hydrophobic 14-3-3 residue 

side chains. Similarity analysis of 960010 with disulfide-containing fragments in the library 

that were not selected as hits from the FP-tethering screen for 14-3-3/ERRγ DBD (C180) 

provided initial insights for what was not allowed (SI Figure S5.5), for example, a para-fluoro 

was not selected as a hit from the screen. Additionally, whereas most selected hits from the 

FP-tethering screen (SI Figure S5.6) showed stabilization of the 14-3-3/ERRγ DBD (C180) 

interaction in fluorescence anisotropy, 960010 was the only fragment validated in a co-crystal 

structure illustrating potential differences between crystallized and in solution stabilization 

for the PPI, which will be informative to study in more detail. Further structure-activity 

relationship establishment and comparison with the 14-3-3/ERα disulfide stabilizers are 

expected to provide highly interesting directions for future development of these fragment 

hits. 

 

 

Figure 5.10 | Crystallographic overlay of co-structures 14-3-3/ERRγ-DBD and 14-3-3/ERα . Crystal 
structures of 14-3-3σ (white semi-transparent surface, cartoon, sticks) bound by an ERRγ DBD 
phosphopeptide and (ERRγ)C180-tethered stabilizer 960010; or an ERα phosphopeptide and (14-
3-3σ)Cys42-tethered stabilizer 2 (mint sticks representation, PDB entry 6HMT). 
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Concluding remarks and outlook 

This chapter described the validation and structural characterization of novel 14-3-3 

interaction motifs found in two Nuclear Receptors. A cysteine residue on a phosphopeptide 

derived from the ERRγ-DBD provided an ideal reactive handle for disulfide trapping to 

identify stabilizers binding in the 14-3-3/ERRγ druggable pocket. In general, covalent drugs 

have specific benefits and pitfalls compared to noncovalent therapeutic small molecules, 

which are mainly related to the reactivity of the electrophilic warhead and associated off-target 

effects (potential pitfall), and enhanced target engagement with associated longer residue 

times (slower koff rates) and resulting in higher efficacy (major benefits).35–37 

Targeted covalent probe discovery has since the recent approval of several covalent kinase 

inhibitors (including EGFR inhibitor afatinib38,39, BTK inhibitor ibrutinib40,41 and HER-2 

kinase inhibitor neratinib42,43) witnessed a revival in drug discovery efforts as apparent from 

the recent scientific literature44–48, with a central focus on the functional inhibition of 

enzymes. Yet, this strategy potentially comprises an interesting direction for the discovery of 

PPI stabilizers as well, since it would mainly benefit from the selective efficacy advantages, 

with low risk of off-target effects since a composite PPI target pocket only exists upon the 

formation of a binary protein complex. 

Here, the application of a reversible covalent approach to identify PPI stabilizers by 

targeting a native cysteine found in a protein interface was presented. The modulation of PPI 

in general, and stabilization, in particular, comprises an extremely challenging endeavor and 

systematic screening opportunities are largely unavailable. This work validated a novel 

strategy based on disulfide trapping for the intentional discovery of covalent PPI stabilizers, 

as exemplarily shown for the relevant complex formed by 14-3-3 and a cysteine-containing 14-

3-3 binding motif of ERRγ. Several hits from an FP-tethering screen were selected based on 

their ability to enhance this PPI and validated in titration experiments. For one of the hits a 

co-crystal structure was obtained, revealing a binding mode disulfide-bound to the ERRγ DBD 

C180 where the fluorophenyl group of the fragment was efficiently buried in a 14-3-3 

subpocket, very similar to the previously reported 14-3-3/ERα stabilizing fragments. The 

combination of a low inherent affinity of the fragment for the PPI target pocket with the 

covalent reversible nature of the disulfide bond to the client peptide, only formed in the 

context of the protein complex, together resulting in functional PPI enhancement, comprises 

an elegant molecular mechanism. These findings bring forward a novel opportunity for 

covalent targeting of cysteine residues in protein interfaces for PPI stabilization. 
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The novelty of the work described here thus lies in the fragment-based screening 

procedure for PPI stabilizer discovery, yet it additionally yielded highly relevant tool 

compounds and potential drug leads. Future perspectives for the further study of these initial 

findings are multifaceted. Structure-activity relationships of stabilizing fragments, supported 

by structural insights from a first co-crystal structure aid understanding of the molecular 

mechanism and enable further fragment optimization. One possibility is replacing the 

disulfide with a suitable electrophile, towards the optimization of a derivative for cellular 

studies. Besides that development trajectory, further in vitro characterization is required for 

the underlying molecular mechanism of 14-3-3/NR DBD PPI and the potential of small 

molecule modulation in the context of the entire protein domain and additional binding 

equilibria. This last section describes initial data for future studies in this direction. 

NR DBDs comprise inherently difficult drug target domains. These are highly conserved 

small protein domains with a tight zinc-coordinated fold that enables DNA binding. The 14-

3-3 binding -KRRRKpS179CQA-motif resides in the second zinc finger (Znf) motif of the ERRγ 

DBD with C180 as a part of the Zn2+-coordinating Cys4 structural fold (Figure 5.10a). The PPI 

studied was comprised of a small phosphopeptide binding to 14-3-3, which contained only 

this single cysteine residue (C180), enabling disulfide trapping selectivity, which yielded a 

stabilizing fragment tethered to it. It is hypothesized that 14-3-3 binding to the entire DBD 

might be modulated in the presence of zinc. To obtain initial insights, an ERRγ DBD 28-mer 

phosphopeptide that comprises one entire zinc finger (Znf) containing the 14-3-3 binding 

motif was studied (Figure 5.10a). Since it has been shown previously that DBD tertiary 

structures are unstable in the absence of zinc,34 the three dimensional fold upon zinc ions 

binding of the ERRγ Znf peptide was first confirmed, as observed from an increase in α-

helicity upon addition of a molar excess of ZnCl2 in circular dichroism spectroscopy (Figure 

5.10b). Binding studies by fluorescence anisotropy revealed that indeed the binding affinity of 

the ERRγ Znf phosphopeptide for 14-3-3γ decreases 4-fold in the presence of ZnCl2 (apparent 

Kd shifts from 1.8 to 7.3 µM upon zinc addition) which is not observed in the absence of a 

reducing agent (apparent Kd values of 9.6 µM without, and 8.1 µM with zinc) providing 

additional proof that this is caused by zinc coordination of the Znf cysteine residues (Figure 

5.10c). Interestingly the Znf 28mer in the presence of zinc showed a similar affinity for 14-3-

3 as the previously studied 9mer, which suggests that enhancing 14-3-3/ERRγ DBD binding 

with a small molecule stabilizer has potential for restoring the equilibrium towards the 14-3-

3 bound state of the ERRγ DBD, even in the presence of zinc ions.  
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Whereas this is a promising start and a single isolated Znf might be representative for the 

entire DBD, it still comprises a simplified system and follow-up studies focusing on the entire 

DBD and the full-length protein in a cellular context are absolutely essential. Studying small 

molecule 14-3-3/ERRγ DBD PPI stabilization and the effect on ERRγ DBD binding to its DNA 

recognition elements in vitro together with cell-based studies on (co-)localization and ERRγ-

regulated gene expression levels will elucidate the mode of action and ultimately contribute 

to the development of a novel regulatory strategy for ERRγ activity specifically, and empower 

the approach for the modulation of NR DBD in general. 

 

Figure 5.10 | Zinc ions lower the binding affinity between 14-3-3 and ERRγ DBD zinc finger motif. 
a) The sequence of ERRγ DBD and schematic representation of zinc coordination in two zinc 
fingers with the 28mer peptide containing 14-3-3 binding motif comprised the second zinc finger 
(Znf), indicated in red. b) Circular dichroism spectrum for ERRγ DBD 28-mer Znf peptide in the 
absence and presence of ZnCl2. c) Fluorescence anisotropy data for 14-3-3 binding to the 
fluorescently labeled ERRγ DBD 28-mer Znf peptide (100 nM) in the absence and presence of 10 
µM ZnCl2, with or without 1 mM dithiothreitol (DTT) as reducing agent. 

It has thus been illustrated that an opportunity exists for 14-3-3 PPI modulation as a 

conceptual strategy for intervention in NR pathways. An additional benefit of targeting 

NR/14-3-3 PPI is the potential of intervening in drug-resistant pathways, where no treatment 

options exist due to increased incidence of constitutively active NR disease mutants that are 

insensitive to small molecule drugs. Enhancing the endogenous regulatory role of 14-3-3 and 

shifting the equilibrium to the 14-3-3/NR bound by ‘molecular glues’ for these interactions 

comprises a potential complementary therapeutic strategy for NR modulation. The insights 

from the work described here can thus be applied to a range of relevant NR DBD targets. 



Chapter 5 

 

124 

Acknowledgements 

Bente Somsen and Iris Leijten-van de Gevel are gratefully thanked for their contributions to 
the work described in this chapter. Jeffrey Neitz and Paul Burroughs are acknowledged for sharing 
synthesis routes and ideas for the optimization of hits. Michelle Arkin is gratefully acknowledged 
for the availability of the tethering library, the very fruitful collaboration and all helpful discussions. 

 

Experimental section 

Peptide synthesis. Peptides (2oo µmol) were synthesized via Fmoc solid-phase peptide synthesis49–

51 on a Rink amide polystyrene resin (Novabiochem; 0.59 mmol/g). Briefly, Fmoc-protected amino acids 
(Novabiochem) were dissolved in N-methyl-2-pyrrolidone (NMP, 4.2 eq., 0.5 M) and coupled sequentially 
to the resin using N,N-diisopropylethylamine (DIPEA, 8 eq., 1.6 M stock solution in NMP, Biosolve) and 
O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HCTU, 4 eq., 0.4 
M stock solution, Novabiochem). Following each consecutive coupling, Fmoc deprotection was 
performed using 20 % piperidine in NMP (1 min, twice). Peptide N-termini were acetylated 
(Ac2O/pyridine/NMP 1:1:3) or labeled via an Fmoc-O1pen-OH linker (Iris Biotech GmbH) (as previous 
couplings) with fluorescein-isothiocyanate (FITC; Sigma Aldrich) (7 eq. with 14 eq. DIPEA), before final 
deprotection and cleavage off the resin (triisopropylsilane / ethanedithiol (EDT) / water (millipore 
filtered) / trifluoroacetic acid (TFA), 1:1:1:37, 3.5 h). After precipitation in cold Et2O, peptides were purified 
on a reverse-phase C18 column (Atlantis T3 prep OBD, 5 µm, 150 x 19 mm, Waters) using a preparative 
high-performance liquid chromatography coupled with mass spectrometry (LC/MS) system comprised 
of an LCQ Deca XP Max ion-trap mass spectrometer equipped with a Surveyor autosampler and Surveyor 
photodiode detector array (PDA) (Thermo Finnigan). In LC, linear gradients of acetonitrile with 0.1 % 
TFA, in water with 0.1 % TFA were used, with a flow rate of 20 mL/min. Fractions with the correct mass 
were collected using a PrepFC fraction collector (Gilson Inc). Purity and exact mass of all peptides were 
verified using analytical LC/MS (C18 Atlantis T3 5 µm, 150 x 1 mm column, 15 min gradient 5 - 100 % 
acetonitrile with 0.1 % TFA in water with 0.1 % TFA (LCQ Deca XP Max ion-trap mass spectrometer, 
Thermo Finnigan). 

Acetylated and fluorescein (FAM)-labeled ERRγ-DBD-9mer peptides for FP-tethering screens and 
follow-up experiments were purchased from Elim Biopharmaceuticals, Inc. (Hayward, CA) (sequence -
KRRRK{pS}CQA-CONH2). 

Protein expression and purification. His6-tagged 14-3-3 proteins (full-length and ∆C) were expressed 
in NiCo21 (DE3) competent cells from a pPROEX HTb plasmid (0.4 mM IPTG, overnight at 18 °C), and 
purified using Ni2+-affinity chromatography. The ∆C variant for crystallization was treated with TEV 
protease to cleave off the His6 tag, followed by a second Ni2+-affinity column and size exclusion 
chromatography, as described in more detail in Chapter 3. 

Fluorescence anisotropy experiments. Compound and protein titration experiments and data 
processing were performed as described in Chapter 3. The fluorescently-labeled peptide concentration 
was 100 nM. Protein 2-fold dilution series started from 400 µM. 14-3-3γ concentrations used in ligand 
titration experiments was 1 µM. Ligand 2-fold dilution series started from 1 mM. 

Fluorescence polarization disulfide trapping screen (FP-tethering). Fluorescein-labeled ERRγ-DBD- 
9mer peptide and 14-3-3γ protein were diluted in buffer (10 mM HEPES, pH 7.5, 150 mM NaCl, 0.1 % 
Tween-20, 1 mg/mL Bovine Serum Albumin (BSA), 250 µM beta-mercaptoethanol (βME)). Samples 
were prepared in black, round-bottom 384-microwell plates (Corning) in a final sample volume of 20 µL 
/ well. All samples contained 100 nM peptide and 1 µM (assay mix), 250 µM (positive control) or no 
protein (negative control). To the assay mix was added 100 nL of DMSO (control) or individual disulfide 
fragments (50 mM stock solutions in dimethylsulfoxide (DMSO), UCSF Small Molecule Discovery 
Center (SMDC) Monophore library comprised of 1,600 compounds, synthesized as previously 
reported52,53), from the library master plates using a manual Pin tool, to obtain a final compound 
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concentration of 250 µM. Final DMSO in all samples was always 0.5 %. Fluorescence anisotropy 
measurements were performed directly and after 1.5 h, 3 h, and overnight incubation at room-
temperature using a FlexStation3 multimode microplate reader (Molecular Devices, with filters applied 
λex: 485, λem: 538). Data reported are at endpoint.  

Isothermal titration calorimetry. Proteins and acetylated peptides were diluted in buffer (25 mM 
HEPES pH 7.4, 100 mM NaCl, 10 mM MgCl2, 0.5 mM tris-(2-carboxyethyl)phosphine (TCEP)). The ITC 
measurements were performed on a Malvern MicroCal iTC200. The cell contained 100 µM 14-3-3γ protein 
and the syringe 1 mM acetylated peptide. One or two titration series of 18 injections of 2 µL were 
performed at 25 °C (reference power 5 µCal/sec, initial delay 60 sec, stirring speed 750 rpm, spacing 180 
sec). Data for double titrations were merged using ConCat32 software. Data were analyzed in Origin. 

Circular dichroism spectroscopy. Acetylated peptides were diluted in buffer (5 mM potassium 
phosphate pH 7.4) to 13 µM. All samples contained 1 mM dithiothreitol (DTT). The effect of zinc ions 
on peptide α-helicity was studied by adding 130 µM ZnCl2 (1:10 molar stoichiometry). As a baseline 
peptide-free but otherwise identical samples were measured under identical conditions for each 
experiment. Far-UV Circular Dichroism (CD) spectroscopy measurements were performed using a 
Quartz cuvette (0.1 cm pathlength, Hellma Analytics) on a JASCO J-810 spectrometer, under a constant 
nitrogen flow at 20 °C. Spectra were recorded from 260 – 190 nm (continuous scanning mode, data 
pitch 1 nm, scanning speed 100 nm/min, response time 1 sec, bandwidth 1 nm). Graphs represent an 
average of eight scans. Molar ellipticity θ (in [deg cm2 dmol-1]) was calculated after smoothing data and 
subtracting baseline, using equation 1. 

� = �° ∙  
�

10 ∙ 
 ∙ �
                                                          ������� 1 

Where m° is the observed CD (in [mdeg]), M is the molecular mass of the peptide (in [Da]), d is the path 
length (in [cm]) and c is the peptide concentration (in [mg/mL]).  

Crystallography. The 14-3-3σ protein was C-terminally truncated (∆C) after T231 to enhance 
crystallization. The 14-3-3 protein and acetylated ERRγ peptides were dissolved in complexation buffer 
(25 mM HEPES pH 7.5, 2 mM MgCl2 and 2 mM βME) and mixed in a 1:2 or 1:5 molar stoichiometry 
(protein:peptide) at a final protein concentration of 10 mg/mL. The complex was set up for hanging-drop 
crystallization after overnight incubation at 4 °C, in a custom crystallization liquor (0.095 M HEPES 
(pH7.1, 7.3, 7.5, 7.7), 0.19 M CaCl2, 24 – 29 % (v/v) PEG 400 and 5% (v/v) glycerol). Crystals grew within 
10 - 14 days at 4 °C. 

Soaking of the disulfide fragment hits was performed by mixing 0.4 µL of a 50 mM stock solution 
in DMSO with 2 mM βME in 3.6 µL mother liquor, which was then added to drops containing multiple 
crystals. 

Crystals were fished (soaked crystals after overnight incubation at 4 °C) and flash-cooled in liquid 
nitrogen. X-ray diffraction (XRD) data were collected either in-house on a Rigaku Compact HomeLab 
(equipped with Rigaku MicroMax-003 sealed tube X-ray source and Rigaku Dectris PILATUS3 R 200K 
detector) or at the Deutsches Elektronen-Synchrotron (DESY) PETRA III beamline P11, Hamburg, 
Germany.  

Initial processing of all datasets was done using Pipedream from GlobalPhasing54 First, Autoproc55 
ran XDS56 for data indexing and integration, and AIMLESS57,58 for scaling. The structures were phased 
by limited molecular replacement, using protein data bank (PDB) entry 3P1N as a template, in Phaser59. 
Finally, Buster60 was used for initial structure refinement. Upon completion of the Pipedream run, 
correct peptide sequences were modeled in the electron density. For soaked crystal datasets, the presence 
of soaked fragments was verified by visual inspection of the Fo-Fc and 2Fo-Fc electron density maps in 
Coot61. Structure and restraints were generated using eLBOW62 or grade63 for successfully soaked 
ligands before using phenix.refine64,65 and Coot in alternating cycles for model building and refinement. 
See Table S5.1 for XRD data collection, structure determination, and refinement statistics. 
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Supporting information 
 

 
Figure S5.1 | Binding of NR phosphopeptide motifs to 14-3-3. Validation of phosphopeptide binding 
to 14-3-3 as shown by fluorescence anisotropy for ERRγ-DBD-derived 12-mer (a) and GR-NTD-
derived 8mer (d) and 12mer (e), for seven 14-3-3 isoforms with resulting apparent Kd values for the 
interactions (b,f); and for the 14-3-3 gamma isoform (14-3-3γ) in isothermal titration calorimetry 
(b,g,h), with resulting Kd values. 
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Figure S5.2 | Fusiccocin-A does not stabilize 14-3-3/ERRγ and 14-3-3/GR interactions. Fluorescence 
anisotropy data for fluorescein-labeled ERRγ LBD 8mer (a) and GR NTD 8-mer (b) and 12mer (c) 
phosphopeptides titrated with 14-3-3 in the absence (DMSO control) or presence of FC-A (50 µM). 

 
Figure S5.3 | FP-tethering screening data in plates 1 - 4 (320 individual disulfide fragments per 
plate). Anisotropy values for each well containing individual fragments are indicated (gray dots), 
arbitrarily pooled and plotted for each separate row in the screening plate. DMSO controls (blue 
dots), negative control (ERRγ peptide only; low FP; red dots) and positive control (250 µM 14-3-3γ, 
ERRγ peptide fully bound; high FP; green diamonds) are indicated. 
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Figure S5.4 | Supplementary 14-3-3/ERRγ crystal structure figures. a) Detailed close-up view of the 
co-crystal structure of ERRγ DBD (C180)-960010 and b) crystallographic overlay of ERRγ DBD 
(orange sticks) and LBD (yellow sticks) phosphopeptides in the 14-3-3 binding groove. 

 

Figure S5.5 | Validated FP-tethering hit for 14-3-3/ERRγ DBD and analogs in the library. Similarity 
analysis of chemical structures for the main hit 960010 and disulfide-containing fragments in the 
library that were not selected as hits from the FP-tethering screen for 14-3-3/ERRγ DBD (C180). 
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Figure S5.6 | Chemical structures of 30 selected hit from the FP-tethering screen for 14-3-3/ERRγ 
DBD (C180). Disulfide-containing fragments that showed the largest and/or most consistent 
enhancement in single-dose FP-tethering screen are listed here and ordered to similarity in linker 
length and chemical diversity of the fragment. Only 960010 was validated in an X-ray co-crystal 
structure. 
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Table S5.1: XRD data collection and refinement statistics 

14-3-3σ ∆C 

bound to: 
ERRγ LBD 8-mer ERRγ DBD 12-mer 

ERRγ DBD 12-mer 

/ 960010 

Data collection    
Wavelength (Å) 1.54 1.54 1.54 

Resolution (Å)a 
45.60-1.80 
(1.84-1.80) 

45.48-1.80 
(1.84-1.80) 

65.96-1.80 
(1.84-1.80) 

Space group C2221 C2221 C2221 
Unit cell 82.18 112.27 62.82 81.96 111.97 62.63 81.51 112.27 62.59 
Total reflectionsa 167641 (6454) 168053 (6575) 167853 (6842) 
Unique reflectionsa 27105 (1500) 26488 (1393) 26972 (1563) 
Multiplicitya 6.2 (4.3) 6.3 (4.7) 6.2 (4.4) 
Completeness (%)a 99.6 (94.5) 98.1 (87.1) 99.8 (98.2) 
Average I/σ(I)a 33.3 (9.7) 38.9 (8.8) 42.1 (11.0) 
Wilson B-factor (Å2) 8.7 6.7 8.3 
CC1/2a,b,c 0.999 (0.989) 1.0 (0.98) 1.0 (0.987) 
Rmergea,c,d 0.039 (0.120) 0.040 (0.169) 0.034 (0.129) 
Rmeasa,c,e 0.043 (0.136) 0.043 (0.190) 0.037 (0.146) 
Refinement    
Reflections (refinement/R-free) 27083 / 1429 26475 / 1308 26951 / 1325 
Non-H atoms (protein / solvent)  2055 / 257 2025 / 274 2029 / 248 
Rwork / Rfree (%) 15.3 / 18.6 14.9 / 18.2 15.9 / 18.4 
RMSD from ideal geometry: 
bond 
length (Å)/angles (°) 

 
 

0.005 / 0.707 

 
 

0.012 / 0.916 

 
 

0.004 / 0.587 
Average protein  
B-factor (Å2) 

11.93 11.68 12.35 

Ramachandran:  
favored/outliers % 

98.3 / 0.0 97.4 / 0.45 98.7 / 0.0 

Clashscore 0.73 0.99 1.46 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs66 
c Value reported by Aimless (version xx) 
d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│σ(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h 
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Chapter 6 

Structure-based virtual screen and molecular 
docking uncovers small molecule protein-

protein interaction stabilizers 

 

Abstract 

The systematic stabilization of protein-protein interactions (PPI) has great potential as 

innovative drug discovery strategy with benefits to target novel proteins classes and with high 

selectivity. The current lack of chemical starting points and focused screening opportunities 

limits the identification of small molecule stabilizers that directly engage two proteins 

simultaneously. Chapter 3 through 5 described successful applications of a site-directed 

approach based on disulfide trapping. The current chapter reports on a conceptual molecular 

docking strategy and discovery of stabilizers for the interaction of 14-3-3 with the carbohydrate-

response element-binding protein (ChREBP). X-ray crystallography reveals the unique 

binding poses of the stabilizers and validates the in silico-based discovery approach. A 

structure-activity relationship is established, elucidating the mode of action and resulting in 

up to 26-fold increased PPI enhancement. The study demonstrates the prospective of rational 

design approaches for PPI stabilization, enabling targeting of hard-to-drug proteins. 
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Introduction 

All proteins interact with other proteins to exert their physiological functions in the 

context of complex spatiotemporally distributed protein-protein interaction (PPI) networks.1,2 

PPI are attractive drug targets due to their essential regulation of nearly all cellular processes 

and as such PPI modulation has a vast therapeutic potential.3–6 In fact, the inhibition of PPI 

has rapidly evolved to the frontlines of modern drug discovery and significantly extended the 

druggable genome.7,8 However, the opposite strategy of PPI enhancement by small molecule 

stabilizers is underexplored and much less established, when in fact this strategy offers 

unique advantages due to the uncompetitive nature of stabilizers and specificity for a transient 

complex over the individual proteins.9,10 Whereas immunosuppressants rapamycin, 

cyclosporine and FK506, and the antitumor drug paclitaxel have been long used in the 

clinic,8,10 interest in PPI stabilization as a conceptual strategy in the literature has only recently 

surged, due to the success of synthetically engineered hetero-bifunctional probes (proteolysis-

targeting chimera; PROTACs)11,12 and the revelation of the molecular mechanism of 

lenalidomide and thalidomide (immunomodulatory drugs; IMiDs) as PPI stabilizers13,14. 

Nevertheless, a majority of reported PPI stabilizers have been serendipitous discoveries and 

whereas all enhancer development is dependent on the discovery of new molecular entities, 

systematic screening and technology platforms are largely lacking. There is thus an urgent 

need for new conceptual strategies for hit finding, empowering PPI stabilization. Structure-

based in silico approaches have proven their value in classical drug discovery.15–19 Here, for the 

first time the potential is brought forward of employing a virtual screening and molecular 

docking cascade as conceptual new strategy for PPI stabilization. This is exemplarily 

illustrated for the stabilization of native interactions of the hub protein 14-3-3, thereby 

elevating its indigenous regulation of physiological client functions. 

This work describes a structure-guided approach for the protein complex formed by 14-3-

3 and the carbohydrate-response element-binding protein (ChREBP). Whereas most of its 

clients require to be phosphorylated prior to 14-3-3 binding,20–22 ChREBP has been shown to 

interact with 14-3-3 in a unique phosphorylation-independent α-helical conformation 

(residues 117-137).23 A free sulfate (SO4
2-; or phosphate PO4

2-) molecule in the phospho-

accepting pocket interacts with both proteins.23 It was additionally reported that adenosine 

monophosphate (AMP) can bind in this pocket, mildly stabilizing the complex, thereby 

enhancing 14-3-3’s regulation of ChREBP cytosol-nuclear trafficking.24 Novel ChREBP/14-3-3 

stabilizers might thus be valuable regulators of this glucose-responsive transcription factor. 
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A successful in silico screening strategy is reported for stabilization of native PPIs via 

ligands with a ‘molecular glue’ mode of action. Small molecule enhancers of the ChREBP/14-

3-3 protein complex are identified that indeed engage a composite interface pocket constituted 

of both protein partners. Furthermore, structure-based optimization enables stabilatory and 

inhibitory activity of a common scaffold to be entirely disconnected, resulting in selective PPI 

stabilization up to 26-fold, illustrating the power of this rational approach. 

 

Virtual screen and structure-based docking reveals 14-3-3/ChREBP enhancers 

The two crystal structures of 14-3-3/ChREBP in the Protein Data Bank (PDB; entries 4GNT 

and 5F74) served as entry point for the structure-based in silico screen. A receptor grid was 

generated for the structure of 14-3-3β bound to the α2 helix of ChREBP, centered on the 

binding pocket of AMP (Figure 6.1a). The importance of the phospho-group - both in 14-3-3-

binding motifs and PPI inhibitors, as well as AMP - directed the selection of chemical starting 

points to molecules that bind the phospho- accepting pocket of 14-3-3. The first step of the 

virtual screening procedure selected for a phosphate or phosphonate group by a substructure 

filter which yielded 869 virtual compounds (of the initial 5,993,085 in the public MolPort 

database of commercially available compounds), starting from maximum chemical diversity 

(Figure 6.1b). After additional selection filters for drug-like properties, 471 virtual compounds 

were subjected to molecular docking into the receptor grid using Glide.25,26 Hits were 

additionally docked into the receptor using an induced fit docking (IFD) protocol27,28, taking 

conformational changes of amino acid side chains in the active site into account.  

A total of 13 compounds were selected for in vitro testing from the 200 top-ranked docking 

poses based on visual inspection, divided among three distinct sub-classes; AMP-like 

structures (class A); and non-AMP-like phosphates (B) or phosphonates (C; SI Tables S6.1 – 

S6.3 and Figures S6.1 – S6.3). Class A including AMP itself, did not show stabilization of the 

14-3-3/ChREBP interaction in a fluorescence anisotropy assay (SI Figure S6.4). We did 

observe stabilization by AMP based on ITC data (SI Figure S6.5), validating it as a positive 

control and in line with literature. In both B- and C subclasses one hit was found to increase 

14-3-3/ChREBP binding (1 and 2 with EC50 values of 0.7 µM and 45 µM, respectively; SI Figure 

S6.4). The docking poses for 1 and 2 revealed their phosphate or phosphonate groups were 

indeed ideally positioned in the basic cavity constituted by the Arg-Arg-Tyr phospho-accepting 

triad of 14-3-3, and while engaging in interactions with the tryptophan side chain of ChREBP 
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(Figure 6.1c). 1 and 2 increased the binding affinity of 14-3-3β for ChREBP in a dose-

dependent fashion up to 10- and 4-fold, respectively (Figure 6.1d). 

 

 

Figure 6.1 | A structure-based in-silico docking screen for small molecule stabilizers of the 14-3-
3/ChREBP protein complex. a) Schematic representation of ChREBP domain structure and the 
receptor grid (purple dotted box) for docking in the crystal structure of 14-3-3β (grey surface), 
ChREBP (red cartoon and sticks) and AMP (green sticks) (PDB entry 5F74)24. b) Overview of the 
virtual screening procedure. c) Chemical structures of 1 and 2. d,e) Docking poses of 1 (d) and 2 (e) 
in the 14-3-3/ChREBP target pocket. f,g) Titration curves of 14-3-3β on FAM-labelled ChREBP-
peptide in the presence of increasing concentrations of 1 (f) or 2 (g) and resulting apparent Kd 
values. Fold increase for PPI stabilization is indicated with a green arrow. 
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Nearest neighbor analysis yields an improved stabilizer  

The phosphonate-based scaffold of 2 prompted its chemical optimization to establish a 

structure activity relationship (SAR). An initial SAR-by-catalogue study of eight compounds 

showed an increased PPI stabilization by 3 (EC50 5.2 µM; Figure 6.2a,b), in agreement with 

docking scores (SI Figure S6.6), and with a 14-fold enhancement of the binding affinity of 14-

3-3β for ChREBP (Figure 6.2c). Shorter linkers to the second phenyl group, without an amide 

were inactive (4 – 8), as was phenylphosphate (9) and a weak inhibitory effect was observed 

for phenylphosphonate (10) (Figure 6.2b). Interestingly, we found that phenylphosphonate-

based scaffolds had already surfaced previously as hits for 14-3-3 in a virtual screen reported 

in 2013.29 Whereas the focus of that work was on finding disruptors of the interaction between 

14-3-3 and aminopeptidase N (APN), the target pocket appears identical. Nonetheless, the 

fundamental differences between a PPI disruptor - that needs to tightly bind its target protein 

to compete with protein complex formation, and PPI stabilizer - that binds a specific pocket at 

a PPI interface, lie at the basis of potential selectivity for stabilization, especially when 

targeting a promiscuous PPI pocket. We hypothesized this is also the case for 14-3-3/ChREBP.  

 
Figure 6.2 | Initial optimization of the hit scaffold 2-based series. a) Eight derivatives of 2 were 
selected for molecular docking and in vitro testing. Titration curves of b) ligands on 14-3-3β and 
FAM-labelled ChREBP peptide, and c) of 14-3-3β on FAM-labelled ChREBP peptide in presence of 
increasing concentrations of compound 3.  

Co-crystal structure elucidates ‘molecular glue’ mode of action  

The tertiary co-crystal structure of 14-3-3β bound to 3 and the ChREBP peptide was solved 

by X-ray crystallography (Figure 6.3, XRD statistics in SI Table S6.5). The overall complex 

resembles the two previously reported crystal structures for 14-3-3β and the ChREBP-α2 
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helix23,24, with two antiparallel ChREBP peptides binding one 14-3-3 dimer. 3 was indeed 

found in the phospho-accepting pocket of 14-3-3, interacting with R128 of ChREBP and K51, 

R58, R129 and Y130 of 14-3-3 (Figure 6.3c). An additional intramolecular polar interaction was 

observed for 3 between a phosphonate oxygen and its amide nitrogen, stabilizing its protein-

bound state geometry. 

 

Figure 6.3 | Crystal structure of 14-3-3β / ChREBP α2 peptide / stabilizer 3. a) Side view of the 14-
3-3 dimer (white cartoon representation) bound by two ChREBP peptides (red cartoon) and two 3 
molecules (blue sticks). b) Top view displaying antiparallel orientation of ChREBP α helices in the 
14-3-3 dimer. c) Front view of 14-3-3 monomer (white surface) bound by ChREBP α helix and 3 in 
the phospho-accepting pocket. Final 2Fo-Fc electron density maps (blue mesh) contoured at 1σ. The 
panel highlights the interactions 3 makes with 14-3-3 and ChREBP residues (relevant side chains 
are displayed in stick representation). Polar contacts are displayed as black dashed lines. d+e) 
Detailed view of the composite pocket occupied by 3 created by ChREBP and 14-3-3 together, 
illustrating its interface-binding character. Residues of both protein partners that make up the 
binding pocket are represented as cartoon and sticks (d) or surface (e). 



 Structure-based virtual screen and molecular docking uncovers small molecule PPI stabilizers 

 

141 

The phenyl of 3 on one side faces an ensemble of hydrophobic residues of both ChREBP 

(I120) and 14-3-3 (L218, I219, L174 and L222). R128 of ChREBP ‘bridges’ between E182 of 14-

3-3 and the phosphonate group of 3 by engaging in polar interactions with both (Figure 6.4b). 

 

 

Figure 6.4 | Detailed polar contacts (dashed yellow lines) for the ChREBP-α2 peptide in the 14-3-
3/ChREBP/3 co-crystal structure. a) Polar contacts were observed between R117 of ChREBP and 14-
3-3’s T217, Q221, and the backbone of K214; between R121 of ChREBP and D225 of 14-3-3; N124 of 
ChREBP and N226 of 14-3-3; the backbone of W127 of ChREBP and R62 of 14-3-3; W130 of 
ChREBP and S66 of 14-3-3; and Y131 of ChREBP with the backbone of E182 of 14-3-3 and an 
extensive network of internal polar contacts in ChREBP’s backbone maintains its α-helical fold. b) 
Detailed view of the polar contact between R128 of ChREBP, the phosphonate of C3.8 (3) and E182 
of 14-3-3. 

The crystal structure compared to the docking pose for 3 revealed a different orientation 

of its phosphonate (Figure 6.5), which was rotated around its tetrahedral geometry (by ~ 

109.5°) with the phenylphosphonate group pointing outward of the 14-3-3 central groove 

(crystal structure) versus into it (docking pose). In the crystal structure, this directs the 

orientation of the rest of the molecule, which ideally nestles in the 14-3-3/ChREBP interface 

pocket (Figure 6.3d,e), with the second phenyl beneficially engaging the hydrophobic ‘roof’ 

of the groove. It should be noted that 14-3-3 depicted in the superimpositions in Figure 6.5 is 

the conformation it has in the co-crystal structure with ChREBP and 3, with the orientation 

of the K51 side chain being the main difference in the groove. Whereas the side chain of 14-3-

3’s K51 remains highly flexible in several 14-3-3 co-crystal structures, (observed from weak 

electron density for the atoms, often resulting in multiple conformations); for the ChREBP/3 

co-crystal structure it has a different orientation and interacts with a phosphonate oxygen 

which was not observed in both reported co-crystal structures of 14-3-3 and ChREBP, PDB 

5F74 (with AMP) and 4GNT (with a free sulphate ion in the pocket; structure not shown here). 
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Figure 6.5 | Crystallographic overlays of the co-crystal structure of 14-3-3/ChREBP and AMP (PDB 
5F74; green sticks and cartoon representation) or 3 (blue sticks for the compound, red sticks and 
cartoon for ChREBP peptide), and the predicted docking pose for 3 (aquamarine sticks and cartoon) 
showing the entire 14-3-3 binding groove (a) or a zoom-in of the phospho-accepting pocket (b).  

This binding pose also explains the specific stabilatory mode of 3 compared to 

phosphonate inhibitors previously reported that were identified in an analogous virtual 

screening procedure29 (Figure 6.6), yet aiming to identify PPI inhibitors, as described above. 

 

 
Figure 6.6 | Structure-based comparisons of the chemical structures and mode of action of 14-3-3 
phosphonate inhibitors reported previously29 and the 14-3-3/ChREBP stabilizer 3 reported in this 
work. a) Overlay of the eleven reported structures for phenylphosphonate-based inhibitors, all 
occupying the same shallow pocket in the 14-3-3 central groove. Chemical structure illustrates the 
common scaffold. b) Chemical structures and crystallographic overlays of 3 (blue sticks) with 14-3-
3/ChREBP (teal and red cartoon representation, respectively); and exemplary inhibitor (green 
sticks) with 14-3-3 (white cartoon) PDB entry 3T0L). The close up view illustrates clashes between 
the inhibitor and side chains of W127 and R128 (red sticks). 



 Structure-based virtual screen and molecular docking uncovers small molecule PPI stabilizers 

 

143 

All eleven reported inhibitor structures displayed a direct ring moiety substitution on the 

amide (various substituted phenyl groups; one cyclopentane; one cyclohexane) which all were 

found to perpendicularly turn out of the primary phospho-accepting groove and occupy a 

shallow pocket in 14-3-3 (Figure 6.6a). Extending the linker, as in the chemical structure of 3, 

was reported to be deleterious for the inhibitory effect. In fact, 3 matches B22 (listed in the SI 

of that publication), for which an IC50 value > 500 µM was reported. Thus, whereas the 

chemical differences between the structures of the phenylphosphonate inhibitors and 3 seem 

minor, they are in fact responsible for a major difference in binding poses observed in co-

crystal structures, resulting in their distinct and contrasting modulatory effects towards their 

target PPI, further confirming that stabilization and inhibition activity of similar scaffolds can 

be entirely disconnected. 

 

Small library of analogues establishes crucial structure-activity relationship 

A library around 3 was synthetized and analysed for SAR. Linker length is essential for 

the stabilizing activity of 3, as demonstrated by the inactive derivatives with shorter linkers 

(11, 12, 14 - 16) and lower EC50 values for slightly longer linker variants (15 µM or 72 µM for 

13 or 17, respectively) (Table 6.1). Substitutions of the phenylphosphonic moiety were either 

not tolerated (Me; 18 - 20) or did not significantly enhance the activity (F; 21 - 23). The second 

phenyl on the other hand, was hypothesized to provide an interesting opportunity for 

structure variations, for which substitutions on all positions might result in engaging the 14-

3-3 side chains D215, K122, or N175 (SI Figure S6.7). Most substitutions analysed resulted in 

similar or slightly improved stabilization (24 - 33). However, the hydrophobic environment of 

the phenyl does not tolerate a hydroxyl p-substitution (34 is inactive). Placing the hydroxyl 

group on the linker however was allowed, resulting in identical EC50 values of 11.4 µM for 

both enantiomers (36 and 37), which can be explained by their most probable orientation 

towards the solvent-exposed side as can be observed from the crystal structure. Interestingly, 

whereas the methylated amide derivative (38) is inactive, removing the amide nitrogen (39) 

does not result in the same deleterious effect, suggesting its intramolecular hydrogen bond 

with a phosphonate oxygen is not essential for the molecule’s conformation or stabilizing 

activity. (See SI Figure S6.8 for titration data for EC50 values in Table 6.1) 

 Two derivatives, a p-F-substitution (26) or o-OCH2Ph substitution (30) showed slightly 

improved stabilization activities, resulting in an enhancement of the 14-3-3/ChREBP binding 

affinity of 26- and 22-fold, respectively (Figure 6.7a). 
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Identified ligands are selective stabilizers for 14-3-3/ChREBP 

The selectivity of PPI stabilization by 3, 26 and 30 was assessed by titrations on 14-3-3β 

and representative client-derived phosphorylated peptide motifs (Figure 6.7c-e) from mode 

I/II (TAZ), mode III (ERα), special mode (p53) and the only other reported non-

phosphorylated motif (ExoS; SI Table S6.6 and Figure S6.9). All three ligands were found to 

have EC50 values in the same range for enhancing the binding of ChREBP to 14-3-3, yet 30 

showed inhibitory activity toward mainly TAZ and ERα slightly stronger than that of the other 

two compounds, which might be explained by a higher intrinsic affinity for 14-3-3. However, 

with IC50 values in the high µM-range of these ligands (estimated values highest for 30: IC50 

~ 280 - 425 µM) toward representative 14-3-3 client motifs, their inhibitory concentration 

range is almost two decades weaker than their stabilizing activity, demonstrating the highly 

selective nature of their activity by addressing a unique pocket in the 14-3-3/ChREBP complex. 

This can further be explained by the underlying mechanism for inhibition, driven by high 

intrinsic affinity of the ligand for 14-3-3 alone to compete with complex formation, versus 

Table 6.1 | Structure and activity for analogues of 3. 

 
 
 
 
 
 

 

 
 
 
 
 
 

 

 
 
 
 
 
 

 

 
 
 
 
 
 

 
 
 
 
 
 

 

 EC50 (µM)  EC50 (µM)  EC50 (µM)  EC50 (µM)  EC50 (µM)

m=1 
11 n=0 
12 n=1 
3 n=2 
13 n=3 

 
inactive 
inactive 
  9.3 ± 0.7 
15.1 ± 3.3 

R=Me 
18 a 
19 b 
20 c 

 
~ 30 ± 12[a] 

inactive 
inactive 

 

X=F 
24 o 
25 m 
26 p 

 
  5.0 ± 0.8 
10.8 ± 1.4 
 6.4 ± 0.4 

Y=H 
33 X=Cl 
34 X=OH 
35 X=Br 

 
5.7 ± 1.1 
inactive  
aggregated 

38 Z=NMe 
39 Z=CH2 

inactive 
14.9 ± 2.1 
 

m=2 
14 n=0 
15 n=1 
16 n=2 
17 n=3 

 
inactive 
inactive 
inactive 
72.5 ± 24.4 

R=F  
21 a 
22 b 
23 c 

 
16.1 ± 2.2 
  9.3 ± 1.5 
12.9 ± 3.0 

X=CF3 
27 o 
28 m 
29 p 

 
  5.2 ± 1.3 
  7.3 ± 1.0 
 8.4 ± 0.9 

X=H, 
Y=OH 
36 (S) 
37 (R) 

 
11.4 ± 4.4 
11.4 ± 6.1 

  

    X=OCH2Ph 
30 o 
31 m 
32 p 

 
  7.0 ± 0.4 
  3.7 ± 0.5 
  2.3 ± 0.4 

    

[a] No reliable fit. 
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stabilization, where the enhancing activity comes from binding to both protein partners 

simultaneously, which provides a larger and more specific interaction surface. 

 

 

Figure 6.7 | Validation of selective PPI stabilization. a) ChREBP and 100 mM ligands titrated with 
14-3-3β (a), or 14-3-3β and several client-derived peptides titrated with 3 (b), 26 (c), or 30 (d). 

Conclusion 

In conclusion, an in silico structure-guided strategy was successfully employed for the 

intentional discovery of PPI stabilizers, illustrated here for the highly interesting complex 

formed between 14-3-3 and carbohydrate response element binding protein (ChREBP) and 

yielding the first small molecule stabilizers of this interaction. Structural analysis and SAR 

provided the mode of action for the selective stabilizing activity as molecular glue. Future 

directions for rational optimization of this type of ligands might include engaging residues of 

both proteins that require a conformational change for effective interaction, only occurring in 

the context of the PPI complex. The ligands here identified would furthermore require 

replacing the phosphonate by more drug-like mimic for future directions. The rational design 

approach validated here delineates a conceptual new entry to the prospective discoveries of 

small molecules as enhancers of native interactions, which empowers future targeting of 

hard-to-drug proteins and pathways. 
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Experimental section 

Virtual Screening and Molecular Docking Procedures 

Filtering of the Molport library 

The Molport library (release date 04-08-2017, 5,993,085 compounds) was screened by implementing it 
as a single workflow in KNIME Analytics Platform.30 First, the Molport file was read by a File Reader 
(applied in KNIME as Node 1), followed by a conversion of the SMILES to RDkit molecules (Node 2). 
Salts are removed by the RDKit Salt Stripper (Node 3) and the first filter is applied by a Substructure 
Filter (Node 5), selecting only molecules containing a generalized phosphonate structure drawn by 
MarvinSketch (Node 4). The Lipinski’s Rule of Five filter (Node 7) only allows molecules meeting the 
Lipinski’s rules. Only molecules which contain at least one ring structure are allowed by the Numeric 
Row Splitter (Node 9, 10). 
 
Rigid receptor docking 

Rigid receptor docking was performed in the Molecular Modeling Platform of Schrödinger. The crystal 
structure of the 14-3-3β/ChREBP/AMP complex (PDB entry 5F74, resolution 2.35 Å) was used to create 
a receptor grid using the Protein Preparation Wizard. AMP was removed and its binding position used 
as a reference for ligand docking. The surrounding water molecules were initially retained for 
optimization of the hydrogen bond network and were deleted afterwards. Compound selection was 
prepared using Ligprep and docking was performed with Glide in XP mode.25,26 Results were converted 
to a ranked list of docking scores containing compound SMILES using a second KNIME workflow. The 
top 200-ranked poses were visually inspected and 13 compounds were selected for experimental 
validation. The primary selection criterion was the positioning of the phosphate or phosphonate group 
of the docked compounds with the phosphate of AMP. 
 
Flexible receptor docking 

The 13 compounds selected from the rigid receptor docking, were docked into the 14-3-3/ChREBP 
complex using the Induced Fit protocol of Schrödinger.27,28 The Box center needed for docking was 
created by selecting AMP in the already prepared receptor. In the first stage of the IFD protocol, Glide 
Docking, 20 initial poses were generated using softened-potential docking (scaling the van der Waals 
radii by 0.5). These top 20 poses underwent a full cycle of protein refinement by Prime Refinement. First, 
a list was generated of all residues with at least one atom within 5.0 Å of a ligand atom in any of the 20 
ligand poses. Subsequently, these side chains underwent a conformational search and an energy 
minimization. These complexes were ranked by Prime energy and these with 30 kcal/mol of the 
minimum energy structure were re-docked using Glide docking and scored by GlideScore. 
 
Purchasing of ligands 

All ligands were obtained from Molport and purity was confirmed by analytical liquid chromatography 
coupled with mass spectrometry (LC-MS), performed on a C4 Jupiter SuC4300A 150 x 2.0 mm column 
(using a 15 min. gradient of 5 % to 100 % acetonitrile in H2O (0.1 % formic acid)), connected to a 
ThermoFischer LCQ Fleet Ion Trap Mass Spectrometer. LCMS (ESI) calc. for (AMP) C10H14N5O7P [M] 
347.06; observed [M+H]+ 348.0, LC tR = 2.24 min. LCMS (ESI) calc. for (A1) C11H16N2O8P+ [M] 335.06; 
observed [M]+ 335.0, LC tR = 2.01 min. LCMS (ESI) calc. for (A2) C9H13N2O9P [M] 324.04; observed 
[M+H]+ 324.9, [2M+H]+ 648.9, [3M+H]+ 972.7, LC tR = 2.23 min. LCMS (ESI) calc. for (A3) C9H13N2O9P 
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[M] 324.04; observed [M+H]+ 325.0, LC tR = 2.01 min. LCMS (ESI) calc. for (A4) C9H13N2O9P [M] 324.04; 
observed [M+H]+ 324.9, LC tR = 2.04 min. LCMS (ESI) calc. for (A5) C10H14N5O7P [M] 347.06; observed 
[M+H]+ 348.0, [2M+H]+ 694.9, LC tR = 2.42 min. LCMS (ESI) calc. for (A6) C9H14N3O7P [M] 307.06; 
observed [M+H]+ 307.9, [2M+H]+ 615.0, [3M+H]+ 921.9, LC tR = 2.23 min. LCMS (ESI) calc. for (A7) 
C9H14N3O8P [M] 323.05; observed [M+H]+ 324.0, [2M+H]+ 647.0, LC tR = 2.02 min. LCMS (ESI) calc. for 
(B1) C6H13O9P [M] 260.03; observed [M+H]+ 260.9, [2M+H]+ 520.9, LC tR = 1.84 min. LCMS (ESI) calc. 
for (B2) C18H21O8P [M] 396.1; observed [M+H]+ 397.1, [2M+H]+ 792.8, LC tR = 7.30 min. LCMS (ESI) calc. 
for (B3 (1)) C19H23N4O6P [M] 466.11; observed [M+H]+ 467.1, [2M+H]+ 932.9, LC tR = 5.56 min. LCMS 
(ESI) calc. for (C1) C8H14N3O6P [M] 279.06; observed [M+H]+ 280.1, [2M+H]+ 559.0, LC tR = 2.10 min. 
LCMS (ESI) calc. for (C2) C14H12Cl2NO5P [M] 374.98; observed [M+H]+ 376.0, LC tR = 8.00 min. LCMS 
(ESI) calc. for (C3 (2)) C13H12ClO4P [M] 298.02; observed [M+H]+ 299.0, [2M+H]+ 596.9, LC tR = 7.40 
min. LCMS (ESI) calc. for (3) C16H18NO5P [M] 335.09; observed [M+H]+ 336.1, [2M+H]+ 670.9, LC tR = 
6.67 min. LCMS (ESI) calc. for (4) C13H11O5P [M] 278.03; observed [M+H]+ 278.9, [2M+H]+ 556.9, LC tR 
= 6.75 min. LCMS (ESI) calc. for (5) C14H15O4P [M] 278.07; observed [M+H]+ 279.1, [2M+H]+ 556.9, LC 
tR = 7.27 min. LCMS (ESI) calc. for (6) C13H13O4P [M] 264.06; observed [M+H]+ 265.0, [2M+H]+ 528.9, 
LC tR = 6.89 min. LCMS (ESI) calc. for (7) C13H12ClO4P [M] 298.02; observed [M+H]+ 298.9, [2M+H]+ 
596.8, LC tR = 7.41 min. LCMS (ESI) calc. for (8) C13H12ClO4P [M] 298.02; observed [M+H]+ 298.9, 
[2M+H]+ 596.9, LC tR = 7.43 min. LCMS (ESI) calc. for (9) C6H7O4P [M] 174.01; observed [M+CH3CN]+ 
215.8, LC tR = 4.40 min. LCMS (ESI) calc. for (10) C6H7O3P [M] 158.01; observed [M+H]+ 159.1, [2M+H]+ 
316.9, LC tR = 4.74 min. 
 

Protein expression and purification. The full-length (FL) human 14-3-3β protein was expressed from 
a pPROEX plasmid after transformation to BL21(DE3) competent E. coli (Novagen). Cultures were 
incubated at 37 °C, 140 rpm until OD600 ~ 0.8 was reached. Protein expression was induced by isopropyl-
β-D-1-thiogalactopyranoside (IPTG; 0.4 mM) and cells were harvested by centrifugation (10 min, 4 °C, 
16,000 g) after overnight expression (18 °C, 140 rpm). Pellets were resuspended in wash buffer (50 mM 
Tris pH 8.0, 300 mM NaCl, 12.5 mM imidazole and 2 mM β-mercaptoethanol (βME)). After 
homogenizing the cells (40 bar, Emulsiflex-C3 homogenizer), the soluble fraction was collected by 
centrifugation (30 min, 4 °C, 40,000 g) and loaded onto a Ni2+-affinity column pre-equilibrated with 
wash buffer. After a washing step (wash buffer + 20 mM imidazole), the bound protein was eluted with 
200 mM imidazole followed by dialysis overnight at 4 C (25 mM HEPES pH 8.0, 200 mM NaCl, 10 mM 
MgCl2, 0.5 mM tris(2-carboxyethyl)phosphine (TCEP)). The His6-tag of the ∆C variant (14-3-3 truncated 
after S232) for crystallography was cleaved with TEV-protease during dialysis and subjected to an 
additional purification by size exclusion chromatography (SEC; Superdex 75; buffer 20 mM HEPES pH 
7.5, 100 mM NaCl, 10 mM MgCl2, 2 mM βME). The pure protein was concentrated, aliquoted, flash-
frozen in liquid N2 and stored at -80 °C. 

Purity and exact mass were verified using a high resolution liquid chromatography coupled with 
mass spectrometry (LC/MS) system comprised of an I-Class Acquity UPLC (Waters) with a Polaris C18A 
reverse phase column 2.0 x 100 mm (Agilent), coupled to a Xevo G2 Quadrupole Time of Flight mass 
spectrometer (Waters). A flow rate of 0.3 mL min-1 was used with a gradient of acetonitrile + 0.1 % formic 
acid (FA) in water + 0.1 % FA (acetonitrile 15 to 75 %). Deconvolution of the m/z spectra was done using 
the MaxENTI algorithm in the Masslynx v4.1 (SCN862) software. 

Peptide synthesis. The ChREBP-derived α2-peptide (residues 117-142) was synthesized via Fmoc 
solid phase peptide synthesis on a TentaGel R Ram resin (Novobiochem; 0.20 mmol/g loading) using 
an Intavis MultiPep RSi peptide synthesizer (procedure described in more detail in Chapter 5). Peptides 
were acetylated or labeled via an Fmoc-O1pen-OH linker (Iris Biotech GmbH) with FITC (Sigma Aldrich) 
before deprotection and cleavage off the resin. Peptides were purified on a reverse-phase C18 column 
(Atlantis T3 prep OBD, 5 µm, 150 x 19 mm, Waters) using a preparative high-performance LC/MS system 
comprised of an LCQ Deca XP Max ion-trap mass spectrometer equipped with a Surveyor autosampler 
and Surveyor photodiode detector array (PDA) (Thermo Finnigan). In LC, linear gradients of acetonitrile 
with 0.1 % TFA, in water with 0.1 % TFA were used, with a flow rate of 20 mL/min. Fractions with the 
correct mass were collected using a PrepFC fraction collector (Gilson Inc). Purity and exact mass of all 
peptides were verified using analytical LC/MS (C18 Atlantis T3 5 µm, 150 x 1 mm column, 15 min 
gradient 5 - 100 % acetonitrile with 0.1 % TFA in water with 0.1 % TFA (LCQ Deca XP Max ion-trap 
mass spectrometer, Thermo Finnigan). See SI Figure S6.11. 
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Fluorescence Anisotropy experiments. 14-3-3β protein and FITC-labeled ChREBP α2 peptide were 
diluted in assay buffer (10 mM HEPES pH 7.4, 150 mM NaCl, 0.1% Tween-20, and 1 mg/mL Bovine 
Serum Albumin (BSA)). FITC-peptides were used at a final concentration of 100 nM. All compounds 
were dissolved in dimethylsulfoxide (DMSO, 100 mM stock solutions). Final DMSO in the assay was 
always 1 %. Two-fold dilution series of ligand or 14-3-3β were made in black, round-bottom 384-microwell 
plates (Corning) in a final sample volume of 10 µL. Fluorescence anisotropy measurements were 
performed using a Tecan Infinite F500 plate reader (filter set λex: 485 ± 20 nm, λem: 535 ± 25 nm). 
Reported values are the mean and standard deviation (SD) of triplicates. EC50 and apparent Kd values 
were obtained from fitting the data with a four-parameter logistic model (4PL) in GraphPad Prism 7. 

 
Isothermal Titration Calorimetry experiments. 14-3-3β protein and acetylated ChREBP α2 peptide 

were diluted in buffer (25 mM HEPES pH 7.4, 100 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP, 1 % DMSO). 
The ITC measurements were performed on a Malvern MicroCal iTC200. The cell contained 30 µM 
protein and the syringe 600 µM acetylated peptide. Compound, if present, was at 500 µM. One or two 
titration series of 18 injections of 2 µL were performed at 25 °C (reference power 5 µCal/sec, initial delay 
60 sec, stirring speed 750 rpm, spacing 180 sec). Data for double titrations were merged using ConCat32 
software. Data were analyzed in Origin. 

 
Crystallography. 14-3-3β ∆C protein, acetylated ChREBP α2 peptide and 3 were dissolved in 

crystallization buffer (CB; 20 mM HEPES pH 7.5, 2 mM MgCl2, 2 mM βME) and mixed in a 1:2:2 molar 
stochiometry with a final protein concentration of 12 mg/mL. This was set up for sitting-drop 
crystallization in a 1:1 ratio with the protein crystallization MPD Suite (Qiagen). Crystals were observed 
in condition #88 (0.1 M HEPES sodium salt pH 7.5, 30 % (w/v) MPD, 5 % (w/v) PEG4000) (panel A-C, 
below). After initial optimization of pH and PEG4000 concentration, needle-shaped crystals were 
subjected to the Additive Screen HT (HR2-138, Hampton Research) of which condition #12 resulted in 
crystals of an improved three-dimensional shape, even though still clustering around a single nucleation 
site (panel D). 
 

 

The thus obtained crystallization-liquor constitution (0.1 M HEPES pH 7.1, 30 % MDP, 1 % 
PEG4000, 0.1 M Ni(II)Cl•6H2O) was subsequently homemade. Finally, the complex (prepared as 
described above) was set up for hanging-drop crystallization for crystal reproduction in a 1:1 ratio with 
the homemade crystallization-liquor. After 1 day of incubation at room temperature, rod-like clusters 
were observed (panel A, below). These were crushed, resulting in small nucleation seeds (panel B) that 
were subsequently introduced into a fresh drop of pre-equilibrated protein complex in aforementioned 
crystallization-liquor using a cat whisker (panel C). Single crystals were fished after 1-3 days of incubation 
at room temperature (panel D), and flash-frozen in liquid N2.  
 

 



 Structure-based virtual screen and molecular docking uncovers small molecule PPI stabilizers 

 

149 

Diffraction data were collected at the Deutsches Elektronen-Synchrotron (DESY Hamburg, 
Germany) PETRA III beamline P11. The dataset reported was obtained from a crystal that diffracted to a 
resolution of 2.09 Å. Data was indexed, integrated and scaled using DIALS.31 Phases were obtained by 
molecular replacement using PDB ID 5F74 as search model in Phaser32. Coot33 and phenix.refine34 were 
used in alternating cycles of model building and refinement. See Table S6 for data collection and 
refinement statistics. 

 
 
Synthesis of SAR library for 3. 

All analogues of 3 analyzed for activity and displayed in Table 6.1 were synthesized, characterized and 
provided by Kathrin Plitzko, PhD candidate in the group of Prof. Markus Kaiser (Chemical Biology, 
Center of Medical Biotechnology, Faculty of Biology, University Duisburg-Essen, Germany). Detailed 
synthetic procedures and characterization of compounds will be provided in the Supporting Information 
of the original manuscript. Methods were designed by Kathrin based on previous work of their group.35 

All compounds obtained had been purified by reversed-phase high performance liquid chromatography 
(HPLC) and characterized by liquid chromatography ionization mass spectrometry (LC-MS) and nuclear 
magnetic resonance (NMR; 400 MHz for 1H NMR and 100 MHz for 13C NMR). Compounds were 
prepared as 100 mM stock solutions in DMSO before use in experiments, and stored at - 30 °C. 
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Supporting Information 

 

I. Supplementary Tables 

 

Table S6.1 | Structure, docking and flexible docking scores for the AMP-like phosphates (class A) 

ID Structure 
Docking 

score 
IFD 
score 

ID Structure 
Docking 

score 
IFD 

Score 

AMP 

 

-12.06 -13.06 A4 

 

-12.74 -13.35 

A1 

 

-13.64 -13.31 A5 

 

-12.72 -9.72 

A2 

 

-13.26 -13.28 A6 

 

-12.55 -11.87 

A3 

 

-13.09 -14.39 A7 

 

-12.48 -12.08 

 
 

Table S6.2 | Structure, docking and flexible docking scores for the non-AMP-like phosphates (class B) 

ID Structure 
Docking 

score 
IFD 
score 

ID Structure 
Docking 

score 
IFD 
score 

B1 

 

-12.19 -11.28 B3 (1) 

 

-12.12 -13.31 

B2 

 

-11.76 -12.81     
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Table S6.3 | Structure, docking and flexible docking scores for the non-AMP-phosphonates (class C) 

ID Structure 
Docking 

score 
IFD 
score 

ID Structure 
Docking 

score 
IFD 
score 

C1 

 

 

-10.50 -10.33 C3 (2) 

 

-10.17 -9.73 

C2 

 

P

O

O

O

O
H
N

O

Cl

Cl

 

-9.81 -10.59     

 

Table S6.4 | Structure, docking and flexible docking scores for ‘analog-by-catalog’ SAR study for 2 

ID Structure 
Docking 

score 
IFD 

score 
ID Structure 

Docking 
score 

IFD 
Score 

3 

 

-9.26 -9.44 7 

 

-9.09 -8.47 

4 

 

-8.83 -8.92 8 

 

-9.04 -8.61 

5 

 

-8.69 -5.50 9 

 
-9.05 -8.80 

6 

 

-8.89 -8.03 10 

 

-8.44 -7.67 
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Table S6.5: XRD data collection and refinement statistics 

 
 

14-3-3β ∆C / ChREBP-α2 / 3 

  
Data collection  
Wavelength (Å) 1.03320 
Resolution (Å)a 57.30 - 2.09 (2.13 - 2.09) 
Space group C 1 2 1 

Unit cell 
98.79 76.69 90.29 
90.00 119.22 90.00 

Total reflectionsa 232534 (11452) 
Unique reflectionsa 34925 (1680) 
Multiplicitya 6.7 (6.8) 
Completeness (%)a 99.90 (98.13) 
Average I/σ(I)a 15.29 (1.75) 
Wilson B-factor (Å2) 55.00 
CC1/2a,b,c 0.999 (0.558) 
Rmergea,c,d 4.5 (78.9) 
Rmeasa,c,e 5.4 (85.4) 
Refinement  
Reflections: Refinement / R-free 34917 / 1674 
Non-H atoms: protein / peptide 
/ ligand / solvent   

3742 / 406 / 46 / 58 

Rwork / Rfree (%) 22.6  / 28.4 
RMSD from ideal geometry: 
bond length (Å) / angles (°) 

 
0.010 / 1.133 

Average protein  
B-factor (Å2) 

55.57 

Ramachandran:  
favored/outliers % 

93.35 / 0.81 

Clashscore 8.07 
 

a Number in parentheses is for the highest resolution shell used in the refinement 
b CC1/2 = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs36 
c Value reported by Aimless (version xx) 
d Rmerge (= Rsym) = ΣhΣl│Ihl-<Ih>│/ΣhΣl<Ih> where Ihl is the intensity of the lth observation of reflection h and <Ih> 
is the average intensity of reflection h 
e Rmeas = Σh│σ(nh/(nh-1)) Σl│Ihl-<Ih>││/ΣhΣl<Ih> where nh is the number of observations of reflection h 
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Table S6.6 | Representative 14-3-3 client-derived (phospho-)peptide motifs to assess selectivity of 14-3-
3/ChREBP phosphonate hits 

Client 
protein 

14-3-3 
binding mode 

Phospho 
-site 

Peptide sequence(protein residue #) Peptide 
C-term. 

Ref. 
PDB 

entries 

ChREBP 
phospho-

independent 
(α-helix) 

- 
117

RDKIRLNNAIWRAWYIQYV

KRRKSPV
142

 
-CONH2 

4GNT, 
5F74 
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(partial α-helical) 

- 416
SGHGQGLLDALDLAS

430
 -CONH2 2O02 

TAZ 
Mode-I/II: 

xx{pS/T}xPxxxx pS89 86
RSH{pSER}SPASLQLGT

98
 -CONH2 5N75 

ERα 
Mode-III: 

xx{pS/pT}x- 
(C-term F-domain) 

pT594 488
AEGFPA{pTHR}V

595
 -COOH 

4JDD, 
4JC3 

p53 
Special type 

 Mode-III (C-term) 
FK{pT}EGPDSD 

pT387 
362

SRAHSSHLKSKKGQSTSRH

KKLMFK{pTHR}EGPDSD
393

 
-COOH 

3LW1, 
5MHC 

 

 

 

II. Supplementary Figures 

 

 

Figure S6.1 | Overlays of the AMP conformations in X-ray crystal structure (green sticks) and from 
A) rigid docking (magenta sticks) and B) induced fit (flexible) docking (IFD) (yellow sticks). 
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Figure S6.2 | Docking poses of AMP-like phosphates (class A); non-AMP-like phosphates (class 
B); and non-AMP-like phosphonates (class C) (colored sticks) overlay with AMP conformation in 
X-ray crystal structure (green sticks). 
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Figure S6.3 part I | Induced fit docking (IFD) poses of AMP-like phosphates (class A) in 
ChREBP/14-3-3 pocket (PDB 5F74). Depicted are the backbone of 14-3-3 (gray) and ChREBP (red) 
as ribbons, with amino acid side chains that undergo conformational changes during docking as 
sticks colored identical to the ligand. 
 

 
Figure S6.3 part II | Induced fit docking (IFD) poses of non-AMP like phosphates (class B) in 
ChREBP/14-3-3 pocket (PDB 5F74). Depicted are the backbone of 14-3-3 (gray) and ChREBP (red) 
as ribbons, with amino acid side chains that undergo conformational changes during docking as 
sticks colored identical to the ligand. 
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Figure S6.3 part III | Induced fit docking (IFD) poses of non-AMP-like phosphonates (class C) in 
ChREBP/14-3-3 pocket (PDB 5F74). Depicted are the backbone of 14-3-3 (gray) and ChREBP (red) 
as ribbons, with amino acid side chains that undergo conformational changes during docking as 
sticks colored identical to the ligand. 

 

 

Figure S6.4 | Fluorescence anisotropy data for modulation of the ChREBP/14-3-3β interaction by 
AMP and Molport library hit compounds. a) Fluorescein isothiocyanate (FITC)-labeled ChREBP 
α2-peptide (residues 117-142; at 100 nM) titrated with AMP in absence or presence of 2 µM 14-3-
3β. b) Dose-response curves for ChREBP α2-peptide titrated with 14-3-3β (starting from 300 µM), 
in the presence of increasing AMP concentrations (1, 10, 100 µM). c) FITC-labeled ChREBP α2-
peptide and 14-3-3β (2 µM) titrated with 13 hits selected from the virtual screen. All samples contain 
1% DMSO. 
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Figure S6.5 | Stabilization of the 14-3-3β/ChREBP interaction by AMP. Isothermal titration 
calorimetry (ITC) data for ChREBP α2-peptide (600 µM) titrated into 14-3-3β (30 µM) in absence 
(a) or presence of AMP (500 µM) (b). 
 

 
Figure S6.6 | Docking scores for initial screening hits (a) and C3 (2) derivatives (b) by rigid - or 
induced fit docking. More negative docking scores indicate better predicted binding affinity. C3 (2) 
and C3.8 (3) are indicated with arrows. 
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Figure S6.7 | Structure-based observations for optimization of the C3.8 (3) interactions with 14-3-3 
and ChREBP. 
 

 

Figure S6.8 | Fluorescence anisotropy data for ligand titrations in SAR series of compound C3.8 
(3). Each series was tested in separate batches, and plotted per plate of compounds.  
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Figure S6.9 | Binding affinity and binding mode of representative 14-3-3 (phospho-)peptide motifs 
derived from ChREBP, ExoS, TAZ, ERα and p53 (Table S5). a) Fluorescence anisotropy dose-
response data for fluorescein isothiocyanate (FITC)-labeled peptides titrated with 14-3-3β and co-
crystal structures for these motifs (various colors; cartoon, stick and spheres representations) 
binding in the 14-3-3 central groove (white surface). (PDB entries: 4GNT, 2O02, 5N75, 4JDD and 
5MHC). b) Crystallographic overlays of the co-crystal structures in (a) and the crystal structure 
reported in this work, of 14-3-3β bound by the ChREBP α2-peptide (red cartoon) and phosphonate 
stabilizer C3.8 (3) (blue sticks) in the phospho-accepting pocket. 
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Figure S6.10 | Positive (FC-A) and negative (DMSO) controls for compound titrations to 14-3-3β 
and various client-derived FITC-labeled peptides. 

 

 

 
Figure S6.11 | Analytical LC-MS of the purified α2-peptides (acetylated and FITC-labeled). The 
graphs represent the total ion count chromatogram (left) and the m/z spectrum (right). The 
calculated mass is the monoisotopic mass. 
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Abstract 

Stabilization of protein-protein complexes as a strategic drug discovery concept is in its 

early days towards a promising future. The work described in this thesis provided several 

successful innovative fragment-based approaches yielding chemical starting points for 

stabilization of 14-3-3/client complexes. Furthermore, it highlighted the potential of secondary 

sites on the surface of the 14-3-3 protein. The implications of this work for the field of 14-3-3 

PPI modulation are currently at a turning point towards future further development and 

application. Fragment hits require challenging optimization to obtain a more drug-like 

character and protein-peptide complexes are a simplified representation for the complexity of 

dynamic and transient protein complexes. This final chapter provides an insight into ongoing 

work and discusses future perspectives for the envisioned development of this field. 
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Introduction 

The importance and relevance of 14-3-3 PPI have been increasingly recognized and as a 

result, have risen to their status of vital target class for drug discovery.1,2 The existence of seven 

human 14-3-3 isoforms and the large number of interaction partners raises major challenges 

related to specificity and selectivity but also provides a potential universal approach to 

intervene in a wide range of hard to drug proteins and pathways.3,4 The field has thus set out 

to find ways to address the challenges, map out the interaction partners of 14-3-3, and develop 

strategies to characterize and target their PPI complexes, ultimately unlocking this potential. 

This undertaking requires a heavily structure-based approach and innovative combinations 

of drug discovery technologies.  

We and others have started to unravel the vast cellular interactome of the 14-3-3 ‘hub’ 

protein and many co-crystal structures have been reported, allowing several important 

observations on the similarities and differences of clients that interact with 14-3-3.5–8 First, 

since most of these crystal structures are protein-peptide co-structures, where the client-

derived (phospho)peptide motif binds the central phospho-accepting channel, different 

peptide motifs have been distinguished and categorized. In general, these peptides are either 

internal motifs (mode I/II: xx{pS/T}xPxx) that fully engage the channel or take a turn 

perpendicularly out of the channel due to the proline residue at the +2 position (relative to the 

phosphorylated serine or threonine); or they are motifs found at the C-terminus of the full 

protein (mode III: xx{pS/T}x-COOH).5 Finally, there are several ‘special mode’ motifs 

recognized, that cannot be categorized in either of these abovementioned classes. These 

include non-phosphorylated motifs of ExoS9 and ChREBP10, and the C-terminus of p536 

(FK{pT}EGPDSD-COOH), among others. The second observation from these co-structures 

is that whereas many amino acids are allowed at various positions in the motifs (indicated by 

the x’s), they often display important differences or similarities in their nature, at specific 

locations throughout the groove resulting in general distinctive druggable pockets. Even 

similar in nature, very small apparent side-chain differences (e.g. leucine vs isoleucine) can 

be taken advantage of and comprise an implication for selective druggability. 

Several 14-3-3 PPI modulators have been described in the literature, many of which are 

natural products.11–16 As has been described throughout this dissertation, the identification 

and development of PPI stabilizers as opposed to inhibitors has remained vastly 

underexplored and presents a challenging yet highly advantageous opportunity for PPI 

modulation. To initiate change in this imbalance, it was envisioned to investigate the potential 

of applying fragment-based approaches to discover PPI stabilizers, thereby broadening the 
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scope of screening strategies at hand and enlarge the number of different molecules available 

as tool compounds and drug leads for 14-3-3 PPI. The first critical hurdle in fragment-based 

drug development is to identify chemical starting points. The work described in this thesis 

provided several successful examples where innovative fragment-based approaches have 

yielded covalent (Chapters 3 - 5) and non-covalent (Chapter 6) fragment and small molecule 

hits and leads with PPI stabilizer activity. Furthermore, it contributed several crucial insights 

for the design criteria of PPI modulators, including how to wield the delicate balance of 

distinctive properties for activity as selective PPI stabilizer versus promiscuous inhibitor. 

Finally, the importance of secondary ligand- or fragment-binding sites on proteins and the 

relevance for their PPI might be generally and widely underestimated. The discovery of two 

secondary sites at a functional PPI interface of 14-3-3 (Chapter 2), led to the hypothesis of the 

existence of more of such cryptic pockets.  

Many of the implications of this work are at a turning point towards the next step, for the 

specific examples described and the 14-3-3 PPI field in general. Cryptic pocket-binding 

fragments require further development towards selective drug-like molecules to enable 

evaluation of PPI network selectivity in the complex cellular context. Additionally, whereas 

protein-peptide complexes comprise excellent platforms for in vitro proof-of-principle studies 

and in several cases protein/peptide modulation recapitulates to cell activity8,12,15, these 

simplified complexes lack the complexity of the full interfaces including highly dynamic and 

multivalent interactions of multiple protein domains. Since selectivity of PPI modulators for 

hub proteins with many binding partners should be strictly considered from an early stage in 

the development process, secondary interfaces might provide important clues. The final 

chapter of this dissertation provides a first glance on ongoing work and a future perspective 

for the envisioned developments in this field.  

First, several fragment optimization strategies will be discussed, aiming to evolve the 

fragment hits into leads and explore the hit-to-lead realm. Next, original data is presented for 

the existence of various additional secondary site pockets, as identified from a fragment-based 

screening by X-ray crystallography. Finally, an approach is described towards obtaining and 

studying 14-3-3 PPI complexes comprised of larger protein domains to go beyond client-

derived peptide motifs, exemplarily illustrated for the inherently difficult Estrogen Receptor. 

Overall, the field of 14-3-3 PPI modulation has gained traction over the last few years and 

impactful discoveries have opened the door for unlocking its full potential, ultimately 

transcending the bench stage towards therapeutic targeting of hard to drug proteins and 

cellular pathways. 
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Fragment optimization strategies for hit-to-lead development 

Following the successful identification of fragment hits, the second hurdle is comprised 

of the challenges related to the hit-to-lead development stage.17,18 Whereas covalent fragment 

discovery is considered a benefit in the hit finding stage - allowing for detection of low-affinity 

hits - advancing covalent hits into noncovalent leads presents a major challenge and these 

instead are often optimized further as covalent probes, targeting for instance active site 

cysteines of enzymes.19,20 For the disulfide-tethered hits presented in this thesis, several 

approaches, following both covalent and noncovalent optimization trajectories, are envisioned 

for hit advancement. The next section introduces the general concept of three strategies, 

followed by more detailed considerations and requirements for each strategy. Initial 

experimental data for their implementation will additionally be presented. 

In general, fragment hits can be evolved into drug-like size molecules either by ‘growing’, 

‘linking’ or ‘merging’ hit scaffolds.21 Linking two fragment hits binding in close proximity 

appears easier in theory than in practice. It requires the identification and optimization of a 

first ligand, followed by a screen for a second binder - in the presence of the first; optimization 

of the second hit, and linking the two. The chemical nature and physical properties of the 

linker should not affect the orientation of the individual fragments, which presents a major 

difficulty. Fesik and colleagues have pioneered this concept, described as SAR by NMR22,23, 

yet - besides the current poster child of this strategy, venetoclax24 - there have not been many 

additional successful reports of fragment linking. Both fragment growing and merging have 

been more lucrative, while both are heavily structure-driven.25–27 The chemical surrounding 

of the binding site of a hit is explored for optimization possibilities by growing the fragment 

hit. Computational approaches can aid the selection of moieties to add on the scaffold, which 

engage sub pockets or protein residue side chains in its vicinity, ultimately aiming to enhance 

efficacy and drug-like properties of the fragment.28,29 If multiple fragments are known binders 

for the same site, information of their binding modes can be combined enabling a structure-

based design approach.30,31 This is particularly interesting if several types of compounds with 

various chemical complexity (fragments, natural products, HTS hits) are known to bind in a 

target pocket. 

Three strategies for advancing disulfide fragments hits are considered here (Figure 7.1). 

First, covalent fragments can grow by identifying a second fragment binding in close 

proximity by a screening method known as ‘extended tethering’ (i). Here, a new thiol moiety 

is grafted onto the scaffold of the initial hit, which is subsequently incubated in the protein-

bound state with a second tethering library containing fragments with reactive thiols but 
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lacking the long linker typical for members of the original tethering library. Second, a 

disulfide-trapped fragment to a native cysteine residue can be converted into an electrophile, 

thereby tuning the balance between reactivity and affinity, towards a covalent modifier. Third, 

fragments binding in adjacent sites, identified by other fragment-based screens, can be 

instructive for opportunities towards fragment linking or merging (iii). This heavily depends 

on structural information allowing a rational design approach. 

 

 

Figure 7.1 | Strategies for advancing fragment hits identified in the work described in this thesis. 
Schematic representation of three strategies envisioned for the optimization of (disulfide-tethered) 
fragment hits. All these avenues can be explored in the absence (depicted here) or the presence of 
a client-derived binding partner when aiming for the identification and development of protein-
protein interaction stabilizers. The latter option is not depicted in this schematic graphic, for clarity 
purposes, but will be illustrated in more detail in subsequent figures. 

As described in previous chapters, the sigma isoform is the only of seven 14-3-3 human 

isoforms that has a native cysteine (C38) at the edge of the primary phospho-accepting groove. 

Fragments tethered to 14-3-3σ C38 provide excellent opportunities for extended tethering. A 

crystal co-structure was obtained for 14-3-3σ covalently bound by an amidine-phenylthiophene 

scaffold (A132) at C38 (Figure 7.2). An essential strong noncovalent interaction is the salt 

bridge between the amidine moiety of the fragment and the carboxylate of E14 of 14-3-3. The 

combination of the two (non-)covalent anchoring points of A132 positions the central core of 

the fragment ideally along the rim of the 14-3-3 groove (Figure 7.2c),  providing a scaffold for 

placing a reactive thiol handle on for extended tethering. Whereas the thiophene itself is not 

suitable for this, the crystal structure offers additional possibilities for derivatization of the 

scaffold, selecting the right position for the reactive handle. Additionally, a second small 
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library of screening fragments requires a different design, with a thiol directly at the fragment 

core, compared to the long(er) linkers as the primary screening disulfide library members 

typically have (Figure 7.2d). Performing the extended tethering experiments in the absence 

or presence of a 14-3-3 binding partner-derived (phospho)peptide enables to select for 

functional stabilization and PPI selectivity at the screening stage. Figure 7.2e exemplarily 

depicts an ERα-derived phosphopeptide (ERα-pp), yet this strategy is envisioned to be applied 

to a wide range of 14-3-3 clients since it allows for selectivity in the hit finding phase. 

 

 

Figure 7.2 | Extended tethering approach for 14-3-3 PPI stabilizers. a) Schematic illustration of 
extended tethering, where a protein covalently bound to a first fragment that has a reactive thiol, is 
incubated with a focused library of thiol-containing fragments under reducing conditions, for the 
discovery of adjacent site binders. b) Chemical structure of covalent fragment A132 that binds to 
14-3-3σ C38, as identified from a different fragment-based screening effort (unpublished data). c) 
Co-crystal structure of 14-3-3σ (white semi-transparent surface) bound by A132 (dark blue sticks). 
C38 is indicated in yellow. d) Three exemplary chemical structures of focused extended tethering 
library of thiol-containing small fragments. e) The same structure as above, here with an ERα-
derived phosphopeptide (ERα-pp; green sticks) bound in the phospho-accepting groove of 14-3-3. 
The water-filled target pocket for 14-3-3/ERα PPI stabilizers is depicted on the right. Water 
molecules are depicted as red spheres. All 2Fo-Fc electron density maps are contoured at 1σ. 
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Chapters 3 and 4 described the identification of stabilizers for the protein complexes of 

14-3-3/C-Raf and 14-3-3/ERα by disulfide trapping, tethered to C38 (917949, Figure 7.2b). 

Since this is a natively occurring cysteine residue in these PPI interfaces, a highly interesting 

avenue is to explore the development of the disulfide into electrophiles as irreversible covalent 

leads. Initial experimental data shows this is a challenging endeavor, as observed in 

fluorescence anisotropy (Figure 7.3c-e). A stabilizing effect was observed for three electrophile 

analogs of 917949 towards 14-3-3/C-Raf, with the strongest enhancement by the sulfonamide 

towards 14-3-3/C-RafpS259 (EC50 of 2.4 µM). Yet, none of the analogs were as active as the 

original disulfide hit (Figure 7.3d,e), revealing that it is essential to obtain the right binding 

mode for orientation of the cysteine reactivity towards the electrophile. 

 

 
Figure 7.3 | Native cysteine-trapped stabilizers - ongoing work for the optimization of 917949. a) 
Schematic illustration for optimization of a disulfide fragment to an electrophile. b) Chemical structure 
of the C38-tethered fragment hit (Chapter 4) as a stabilizer for 14-3-3/C-Raf and 14-3-3/ERα. c) Chemical 
structures for three electrophile analogs of 917949. d,e) Initial fluorescence anisotropy data for 14-3-
3σ/C-Raf phosphopeptides (pp) titrated with compounds (d); or C-Raf pp titrated with 14-3-3σ in the 
presence of saturating compound (100 µM; e). EC50 and apparent Kd values are obtained from nonlinear 
fitting of the data. Green arrows indicate the fold-stabilization of the interactions by 917949. 
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Synthesis of various linker lengths between electrophile and fragments for studying this 

in more detail is currently ongoing. The development of a covalent probe would be extremely 

interesting, as described before, for enhanced selectivity and efficacy, and would allow a next 

step towards cellular activity analysis. This comprises currently ongoing work, of which initial 

data is presented here for 14-3-3/C-Raf. 

Undoubtedly one of the most challenging avenues for fragment optimization is linking 

several fragment hits engaging adjacent subpockets into a larger hybrid molecule, yet a very 

select number of successful examples reported, as described above, illustrated the great 

potential of this strategy. Aim is for the hybrid to gain potency and a more drug-like character 

while retaining the interactions and selectivity of the starting fragments. Since it is not known 

how much variation is allowed for the original fragments to retain their binding pose, linking 

two fragments poses the risk of a complete loss of affinity when the pharmacophores are not 

properly (perfectly) retained. A difficulty for hit-to-lead optimization of non-native cysteine 

trapped hits is the optimization of potency for the non-covalent derivative of the fragment. 

Simply removing the disulfide tether resulted for the 14-3-3/ERα hits in almost complete loss 

of activity. We thus aim to investigate the potential of a fragment linking approach towards 

optimization of the disulfide Cys42-tethered hits for 14-3-3σ to gain affinity (Figure 7.4).  

 

 
Figure 7.4 | Schematic overview and chemical structures for fragment linking approach. a) Here, the 
fragment linking strategy starts with a disulfide-trapped hit (in this example 2, reported in Chapter 3, 
and 917949, Chapter 4) and the identification of a second binder in close proximity (1), followed by 
obtaining structural information for binding of the two fragments in the same pocket (2) and exploring 
possibilities of chemically linking them (3). b) Chemical structures of adjacent pocket binders in this 
study. 



 Epilogue 

 

171 

Several amidine-(benzo- and phenyl-)thiophene scaffolds had resulted from other 14-3-3 

fragment-based projects in the group, which revealed binding in c0-crystal structures, without 

displaying any initial functional PPI modulatory activity. These fragments were envisioned to 

be excellent candidates for a fragment linking endeavor, combining the stabilatory activity of 

the disulfide hits with the intrinsic noncovalent binding affinity of the amidine-thiophenes. 

To obtain structural information and initial insights into the molecular binding modes of 

the fragments in the pocket individually, and together, crystal soaks were performed of the 

fragments listed in Figure 7.4. It was hypothesized that comparing electron density and 

binding modes for the fragments alone or simultaneously would be instructive on what is 

allowed in this relatively large and exposed pocket, and how the fragments binding influence 

each other. Thus, the amidine-thiophenes were soaked into co-crystals of 14-3-3/ERα-pp 

alone, or together with a cysteine-trapped disulfide fragment (Figures 7.5 – 7.8). Interestingly, 

yet not entirely unexpected, it strongly depended on chemical structures and combinations to 

what extent the fragments tolerated and were influenced by the presence of the other.  

 

 

Figure 7.5 | Co-crystal structures of 14-3-3/ERα-pp bound by A275 and/or C42-disulfide bound 2. 
14-3-3σ (white semi-transparent surface; cartoon and sticks representation) bound by ERα-pp 
(green sticks) and A275 (cyan sticks) alone (wild-type (WT) protein; C38; a), or simultaneously with 
C42-tethered 2 (dark blue sticks; b). c) Superimposition (crystallographic overlay) of both binding 
modes of A275. The rotation of the binding mode alone (lighter blue) toward the binding mode in 
the quaternary structure (cyan) for A275 is indicated with an arrow. Cysteine positions are indicated 
in yellow. Water molecules are depicted as red spheres. Polar interactions are depicted as dashed 
yellow lines. All 2Fo-Fc electron density maps are contoured at 1σ. 
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A275 revealed two binding orientations by itself, which was restricted by the presence of 

C42-trapped 2, which resulted in a slightly tilted conformation (Figure 7.5). Additionally 

weaker electron density was observed for A275 in the co-structure with 2. 

It was additionally hypothesized that the introduced cysteine residue at position 42, to 

which 2 binds has an influence on the thiophene fragment binding. This was illustrated for 

A354, which revealed a very clear and continuous electron density in the 14-3-3σ (C38) crystal 

(Figure 7.6a) and in the co-complex with C42-trapped 2 (Figure 7.6c), yet in the 14-3-3σ (C42) 

structure three copies of the same ligand were observed in the pocket (Figure 7.6b,d). Thus, 

whereas the presence of C42-trapped 2 was nicely tolerated, a stacking behavior was induced 

by the mere change of a 14-3-3 residue side chain. 

 

 

Figure 7.6 | Co-crystal structures of 14-3-3/ERα-pp bound by A354 and/or C42-disulfide bound 2. 
14-3-3σ (white semi-transparent surface; cartoon and sticks representation) bound by ERα-pp 
(green sticks) and A354 (cyan sticks) alone (WT protein; C38; a – or C42 mutant protein; b), or 
simultaneously with C42-tethered 2 (dark blue sticks; c). d) Close up view of the three molecules 
of A354 binding in the 14-3-3 pocket, surrounding C42. Cysteine positions are indicated in yellow. 
Water molecules are depicted as red spheres. Polar interactions are depicted as dashed yellow lines. 
All 2Fo-Fc electron density maps are contoured at 1σ.   

The most complete set of co-structures has so far been obtained for A210, bound to 14-3-

3σ (C38) and (C42) both alone or simultaneously with C38-trapped 917949 (Figure 7.9a,c) or 

C42-trapped 2 (Figure 7.9b,d). Again, comparing C38 to C42 revealed different binding 
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modes, yet here this was comprised merely of a roughly 180-degree flip, resulting in the 

inversed orientation of the side chains, between both structures. Interestingly, whereas only 

a slight tilt was observed in the presence of C42-trapped 2, the entire benzothiophene scaffold 

rotated ~ 90 degrees, towards 917949, while retaining the position of the amidine. A polar 

interaction was observed between the primary amine of the A210 side chain and the carbonyl 

of 917949. It was additionally relevant to observe that these conformational differences did 

not affect the quality of the electron density observed for the fragments, indicating that these 

were equally favored binding modes. 

 

Figure 7.7 | Co-crystal structures of 14-3-3/ERα-pp bound by A210 and/or C38-disulfide-bound 
917949; or C42-disulfide bound 2. 14-3-3σ (white semi-transparent surface; cartoon and sticks 
representation) bound by ERα-pp (green sticks) and A210 (cyan sticks) alone (WT protein; C38; a 
– or C42 mutant protein; b), or simultaneously with C38-tethered 917949 (red sticks; c), or C42-
tethered 2 (dark blue sticks; d). The most right panels depict superimpositions (crystallographic 
overlays) of both binding modes of A210, with arrows indicating the rotation of the binding mode 
alone (lighter blue), towards in the quaternary structures (cyan). Cysteine positions are indicated 
in yellow. Water molecules are depicted as red spheres. Polar interactions are depicted as dashed 
yellow lines. All 2Fo-Fc electron density maps are contoured at 1σ. 

Additional structures have been obtained that add to the available structural information but 

were not insightful for comparisons (Figure 7.10). Currently, ongoing work focuses on 

completing the full overview of (co-)structures. 
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Figure 7.8 | Co-crystal structures of 14-3-3/ERα-pp bound by A555, A037 or A244 and/or C42-
disulfide bound 2. 14-3-3σ (white semi-transparent surface; cartoon and sticks representation) 
bound by ERα-pp (green sticks) and A555 (cyan sticks) alone (WT protein; C38; a – or C42 mutant 
protein; b). c) A037 bound to 14-3-3σ (WT; C38). d) A244 binding simultaneously with C42-tethered 
2 (dark blue sticks). Cysteine positions are indicated in yellow. Water molecules are depicted as red 
spheres. Polar interactions are depicted as dashed yellow lines. All 2Fo-Fc electron density maps 
are contoured at 1σ. 

With the structural information and molecular binding modes in hand, initial efforts 

focused on a rational design approach were successful. Two co-crystal structures of linked 

fragments bound to 14-3-3/ERα-pp were obtained, revealing these compounds bound with the 

binding modes for the original fragments in place (Figure 7.9). Chemical structures for these 

compounds are not disclosed, only electron density observed is depicted in the co-crystal 

structures, with the strongest and continuous density found for 1047455. Additionally, a first 

indication of stabilizing activity of these linked fragments towards the 14-3-3/ERα-pp PPI 

complex was confirmed in fluorescence anisotropy (data not shown). These initial exciting 

results of designed noncovalent ligands are promising starting points for further lead 

optimization endeavors. 

 



 Epilogue 

 

175 

 

Figure 7.9 | Co-crystal structures of 14-3-3/ERα-pp bound by linked fragments. 14-3-3σ monomer 
(white surface) bound by ERα-pp (green sticks) and optimized noncovalent fragments 1047455 
(left) and 1047648 (right) obtained by fragment linking approach (only showing electron density 
mesh). All 2Fo-Fc electron density maps are contoured at 1σ. 

Together, three strategies described and initial data obtained for each, provide direction 

for concrete next steps towards the optimization of (disulfide tethered) hits into drug-like 

leads. Initial data illustrates the great potential of fragment linking as a way forward, strongly 

guided by structure-based rational design. Next steps in development include optimization 

for potency and PPI selectivity before they ultimately can be tested in vitro in breast cancer 

cell lines and disease models. 

 

Probing the 14-3-3 surface by fragment-based X-ray screening 

The overall importance of secondary sites on proteins has been brought forward with 

strong implications for selectivity either by direct or allosteric regulatory function.32–35  

Fragment-based studies have revealed the existence of secondary sites on several protein 

targets.36,37 Thus cryptic pockets at allosteric sites have been hypothesized to be a general 

feature of all proteins, for which the potential might currently be largely and widely 

underestimated in drug discovery.35 Chapter 2 of this thesis described the discovery of two 

secondary sites by NMR-based screening combined with X-ray crystallography.38 Whereas not 

the primary aim of that study, this initial finding led to the hypothesis of the existence of 

additional cryptic shallow ligand-binding pockets. A fragment-based approach is ideal for 

probing a protein surface, since due to their small size, (ultra) low molecular weight 

fragments can insert into sites that larger drug-like molecules are not able to engage, thereby 

allowing the identification of ‘hot and warm spots’.39 
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Indeed, screening the publicly available part of a focused fragment library at Novartis 

(termed X-BOX; ~ 200 fragments) by X-ray crystallography revealed fragments binding in 

nine cryptic sites on the 14-3-3 surface. For this, 14-3-3σ/ERα-pp co-crystals were soaked with 

individual fragments and datasets collected after overnight incubation. A successful dataset 

was collected for 188 of a total of 196 soaked crystals. After initial refinement of datasets, 

analysis of fragment binding was done by the Pan-Dataset-Density-Analysis (PanDDA) 

method.52 A total of 184 datasets were included in PanDDA processing, yielding a total of 33 

binding events at 9 sites, by 28 unique ligands (hit rate = 15.22 %). Visual inspection of 

electron density maps (in pandda.inspect) and initial modeling of fragments eliminated 8 

symmetry-mate stacked fragments and 2 fragments with unconvincing density, resulting in 

the final 23 interesting events, by 20 unique fragments binding at 9 sites (Figure 7.12).  

 

 

Figure 7.10 | Co-crystal structures of 14-3-3/ERα-pp bound by fragments at secondary sites. 14-3-3σ 
monomer (white semi-transparent surface and cartoon representation) bound by ERα-pp (green 
sticks) and several hits from fragment screening by X-ray crystallography (colored spheres). All 
fragments binding at the same site are colored identical. 

In addition to pointing out potential druggable sites on 14-3-3, these co-structures also 

provide initial starting points for further optimization towards molecules functionally 

targeting these sites. Several sites identified are of special interest. First, it is highly valuable 

to find five new fragments in the relatively large and expanded FC-A binding pocket (site 2), 

in close proximity to the C-terminal valine of the ERα phosphopeptide. Additionally, whereas 

the fragments described in Chapter 2 engaged site 1 (a+b), we have here identified seven 

additional fragments with a wide range of chemical structures binding in close proximity, 

providing novel insights for what is allowed at this interface. Several sites have not been 
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reported previously and are interesting for further study. In particular, site 5 adjacent to the 

14-3-3 phospho-binding Arg-Arg-Tyr triad, and site 7 which is located in the 14-3-3 

dimerization interface. 

Together, these data have great promise for a wide range of further development options 

towards selective 14-3-3 PPI modulators. Secondary sites as identified here provide 

opportunities for molecules with novel modes of action; targeting interactions outside of the 

central phospho-binding groove might have major benefits for selectivity. Additionally, since 

a major hurdle in fragment-based drug development programs is hit identification, the 

fragments resulting from this work yield a plethora of chemical starting points; in particular 

multiple fragments binding the same pocket can inform medicinal chemistry design 

strategies. 

 

Beyond the status quo of protein/peptide complexes: towards 14-3-3/ERα-LBDpF  

For the final section of this chapter, gears will be changed quite a bit, while the 

implications are largely along the same lines. Whereas secondary site fragments provide an 

alternative means of targeting the function of a protein, this only holds potential in the case 

these secondary site binder either result in allosteric modulation of the protein it controls, or 

sits at the protein-interface and can thereby modulate the interactions of its target protein 

with other proteins. In particular, this holds true for hub or adaptor proteins, such as 14-3-3, 

where their only function is to bind to other proteins, in order to control their activity. In 

either case, structural information on all interfaces involved in protein-protein interactions is 

of utmost importance. In the field of 14-3-3 PPI modulation, the golden standard thus far for 

in vitro studies comprises of 14-3-3 bound by its client-derived (phospho)peptides occupying 

the central groove, since this has been validated as the primary interaction site. Yet, four co-

crystal structures have been reported that show 14-3-3 bound by a larger client domain, 

revealing important interfaces outside the central binding groove (see Chapter 2). 

The work in this thesis mainly focused on the interaction between 14-3-3 and the C-

terminal phosphomotif of the Estrogen Receptor alpha isoform (ERα). The intrinsically 

disordered C-terminus of ERα is known as the F-domain, which is N-terminally connected to 

the ligand-binding domain (LBD), hinge region and DNA-binding domain (DBD). Whereas 

this domain organization is largely shared between the superfamily of Steroid Hormone 

Receptors (SHR), the length and sequence of the C-terminal F-domain are unique to ERα. Its 

function is still largely unknown. The phosphorylation event at the penultimate threonine 
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residue (Thr594) is largely responsible for the interaction with 14-3-3 and stabilization of this 

site by FC-A resulted in a reduction of dimerization, nuclear localization and transcriptional 

activity of ERα. However, the human kinase responsible for this phosphorylation has not been 

identified up to now. Additionally, ERα is an inherently difficult and instable protein in vitro 

and whereas purification of single domains has been successful, the LBD with attached F-

domain is prone to proteolytic degradation, resulting in truncation products. Nonetheless, a 

complex comprised of 14-3-3 bound by the ERα LBD with phosphorylated F domain (ERα-

LBDpF) is extremely desirable. Initial proof has been obtained for a successful innovative co-

expression strategy and preliminary data reveals the formation of a 14-3-3/ERα-LDBpF protein 

complex with a 2:2 stochiometry, which can be stabilized by FC-A and Estradiol (E2). 

The approach is comprised of a triple co-expression of 14-3-3, ERα-LBD-F and protein 

kinase A (PKA). Phosphorylation by PKA is hypothesized to induce 14-3-3/ERα-LBD-pF 

complex formation in E.coli, which protects the ERα-F domain from proteolytic degradation 

and the phosphorylation site from phosphatase activity. This might present an opportunity to 

isolate and purify the intact protein complex, enabling in vitro characterization.  

 

 

Figure 7.11 | Schematic overview of the co-expression and purification strategy. Estrogen Receptor 
alpha ligand-binding domain and F-domain (ERα-LBD-F) phosphorylated by protein kinase A 
(PKA) upon expression in E.coli is hypothesized to drive binding to 14-3-3, which might shield the 
ERα-F-domain from proteolytic degradation and protect the phosphorylation site. Purification is 
aimed to yield the intact protein complex, for further study. 

Initial optimization of the approach indeed resulted in successful isolation of a protein 

complex, by subsequent affinity chromatography for purification of the differentially tagged 

proteins (Figure 7.12). The co-elution peak on size exclusion chromatography (SEC) revealed 
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the presence of both proteins by Q-Tof analysis (Figure 7.12d,e). Interestingly, from analytical 

SEC and ultracentrifugation (AUC) experiments it was found that a protein complex was 

formed of ~ 125 kDa, indicating a 2:2 molar stoichiometry, which was stabilized by the 

addition of either estradiol (E2), FC-A or both (Figure 7.12f-k). Protein crystallization efforts 

to obtain structural details for this protein complex have not yielded sufficiently diffracting 

crystals yet, optimization efforts are currently ongoing. 

 

 

Figure 7.12 | Purification and characterization of 14-3-3/ERα-LBD-pF protein complex. a-c) SDS-
PAGE analysis of purification procedure. d,e) Final purification step by size exclusion 
chromatography (SEC) and Q-Tof data of the collected fractions. f-j) Analytical SEC experiments 
for the protein complex apo (f,g) or in the presence of ligands: Fusicoccin-A (FC-A; h), Estradiol 
(E2; i), or both (j) Bovine Serum Albumine (BSA) was included as a control, with monomer and 
dimer mass indicated. k) Analytical ultracentrifugation (AUC) data for 14-3-3/ERα-LBD-pF. 
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Experimental section 

Peptide and protein were obtained and used as described in Chapters 3 and 4. 

Electrophile derivatives of 917949 were synthesized, characterized and provided by Priya Jaishankar 
and Shubhankar Dutta at the Small Molecule Discovery Center (SMDC), University of California San 
Francisco. 

14-3-3/ERα-LBDpF co-expression and purification, analytical size exclusion chromatography (SEC) 
and analytical ultracentrifugation experiments (AUC). Experimental procedures and details will not be 
disclosed yet and will be described in an original manuscript. 

Fluorescence Anisotropy. Compound and protein titration experiments and data processing were 
performed as described in Chapter 3. Protein concentrations used in compound titrations experiments: 
ERα-pp: 1 µM; C-Raf(pS233) 25 µM; C-Raf(pS259) 10 µM; C-Raf(pS233,pS259) 4 µM. 

Crystallography. 14-3-3σ were obtained as described in Chapters 3 and 4. Crystal soaks were 
performed by mixing 0.4 µL of 50 mM stock solutions in dimethyl sulfoxide (DMSO) with 2 mM βME 
for disulfide-fragment (co-)soaks, in a total of 4 µL mother liquor, which was added to crystal-drops 
containing. Soaked crystals were fished after overnight incubation at 4 °C and flash-cooled in liquid N2.  

X-ray diffraction (XRD) data were collected in-house on a Rigaku Compact HomeLab (equipped with 
Rigaku MicroMax-003 sealed tube X-ray source and Rigaku Dectris PILATUS3 R 200K detector) or at 
the Deutsches Elektronen-Synchrotron DESY (PETRA-III beamline P11, Hamburg, Germany). 

Initial processing of all datasets was done using Pipedream from GlobalPhasing.40 First, Autoproc41 
ran XDS42 for data indexing and integration, and AIMLESS43,44 for scaling. The structures were phased 
by limited molecular replacement, using protein data bank (PDB) entry 4JC3 (ERα) as a template, in 
Phaser45. Finally, Buster46 was used for initial structure refinement. Upon completion of the Pipedream 
run, the presence of soaked fragments was verified by visual inspection of the Fo-Fc and 2Fo-Fc electron 
density maps in Coot47. Structure and restraints were generated using eLBOW48 or grade49 for 
successfully soaked ligands before using phenix.refine50,51 and Coot in alternating cycles for model 
building and refinement. 

The XBOX datasets were obtained after soaking crystals by adding 50 mM of individual fragments 
to crystal-containing drops (obtained as described above) using the mosquito® crystallization robot (TTP 
Labtech), and fishing the crystals after overnight incubation at 4 °C. Datasets were initially processed as 
described. PDB and MTZ files for each dataset were used as input for the PanDDA method52, which was 
performed as instructed on the manual page of https://pandda.bitbucket.io/.  



 Epilogue 

 

181 

References 

(1)  Pennington, K. L.; Chan, T. Y.; Torres, M. P.; Andersen, J. L. The Dynamic and Stress-Adaptive 
Signaling Hub of 14-3-3: Emerging Mechanisms of Regulation and Context-Dependent Protein–
Protein Interactions. Oncogene 2018, 37 (42), 5587. 

(2)  Phan, L.; Chou, P.-C.; Velazquez-Torres, G.; Samudio, I.; Parreno, K.; Huang, Y.; et al. The Cell Cycle 
Regulator 14-3-3σ Opposes and Reverses Cancer Metabolic Reprogramming. Nat. Commun. 2015, 6, 
7530. 

(3)  Shimada, T.; Fournier, A. E.; Yamagata, K. Neuroprotective Function of 14-3-3 Proteins in 
Neurodegeneration. BioMed Res. Int. 2013, 2013. 

(4)  Hermeking, H. The 14-3-3 Cancer Connection. Nat. Rev. Cancer 2003, 3 (12), 931–943. 
(5)  Yaffe, M. B.; Rittinger, K.; Volinia, S.; Caron, P. R.; Aitken, A.; Leffers, H.; Gamblin, S. J.; Smerdon, 

S. J.; Cantley, L. C. The Structural Basis for 14-3-3:Phosphopeptide Binding Specificity. Cell 1997, 91 
(7), 961–971. 

(6)  Doveston, R. G.; Kuusk, A.; Andrei, S. A.; Leysen, S.; Cao, Q.; Castaldi, M. P.; et al. Small-Molecule 
Stabilization of the P53 – 14-3-3 Protein-Protein Interaction. FEBS Lett. 2017, 591 (16), 2449–2457. 

(7)  Schumacher, B.; Skwarczynska, M.; Rose, R.; Ottmann, C. Structure of a 14-3-3σ–YAP 
Phosphopeptide Complex at 1.15 Å Resolution. Acta Crystallograph. Sect. F Struct. Biol. Cryst. Commun. 
2010, 66 (Pt 9), 978–984. 

(8)  Stevers, L. M.; Lam, C. V.; Leysen, S. F. R.; Meijer, F. A.; Scheppingen, D. S. van; Vries, R. M. J. M. 
de; et al. Characterization and Small-Molecule Stabilization of the Multisite Tandem Binding between 
14-3-3 and the R Domain of CFTR. Proc. Natl. Acad. Sci. 2016, 113 (9), E1152–E1161. 

(9)  Ottmann, C.; Yasmin, L.; Weyand, M.; Veesenmeyer, J. L.; Diaz, M. H.; Palmer, R. H.; Francis, M. S.; 
Hauser, A. R.; Wittinghofer, A.; Hallberg, B. Phosphorylation-Independent Interaction between 14-3-
3 and Exoenzyme S: From Structure to Pathogenesis. EMBO J. 2007, 26 (3), 902–913. 

(10)  Ge, Q.; Huang, N.; Wynn, R. M.; Li, Y.; Du, X.; Miller, B.; Zhang, H.; Uyeda, K. Structural 
Characterization of a Unique Interface between Carbohydrate Response Element-Binding Protein 
(ChREBP) and 14-3-3β Protein. J. Biol. Chem. 2012, 287 (50), 41914–41921. 

(11)  Oecking, C.; Eckerskorn, C.; Weiler, E. W. The Fusicoccin Receptor of Plants Is a Member of the 14-
3-3 Superfamily of Eukaryotic Regulatory Proteins. FEBS Lett. 1994, 352 (2), 163–166. 

(12)  Anders, C.; Higuchi, Y.; Koschinsky, K.; Bartel, M.; Schumacher, B.; Thiel, P.; et al. A Semisynthetic 
Fusicoccane Stabilizes a Protein-Protein Interaction and Enhances the Expression of K+ Channels at 
the Cell Surface. Chem. Biol. 2013, 20 (4), 583–593. 

(13)  Andrei, S. A.; de Vink, P.; Sijbesma, E.; Han, L.; Brunsveld, L.; Kato, N.; Ottmann, C.; Higuchi, Y. 
Rationally Designed Semisynthetic Natural Product Analogues for Stabilization of 14-3-3 Protein–
Protein Interactions. Angew. Chem. Int. Ed. 2018, 57 (41), 13470–13474. 

(14)  Andrei, S. A.; Sijbesma, E.; Hann, M.; Davis, J.; O’Mahony, G.; Perry, M. W. D.; et al. Stabilization of 
Protein-Protein Interactions in Drug Discovery. Expert Opin. Drug Discov. 2017, 12 (9), 925–940. 

(15)  Molzan, M.; Kasper, S.; Röglin, L.; Skwarczynska, M.; Sassa, T.; Inoue, T.; et al. Stabilization of 
Physical RAF/14-3-3 Interaction by Cotylenin A as Treatment Strategy for RAS Mutant Cancers. ACS 
Chem. Biol. 2013, 8 (9), 1869–1875. 

(16)  Stevers, L. M.; Sijbesma, E.; Botta, M.; MacKintosh, C.; Obsil, T.; Landrieu, I.; et al. Modulators of 14-
3-3 Protein–Protein Interactions. J. Med. Chem. 2018, 61 (9), 3755–3778. 

(17)  Erlanson, D. A.; McDowell, R. S.; O’Brien, T. Fragment-Based Drug Discovery. J. Med. Chem. 2004, 
47 (14), 3463–82. 

(18)  Murray, C. W.; Rees, D. C. The Rise of Fragment-Based Drug Discovery. Nat. Chem. 2009, 1 (3), 187–
192. 

(19)  Johansson, H.; Isabella Tsai, Y.-C.; Fantom, K.; Chung, C.-W.; Kümper, S.; Martino, L.; et al. 
Fragment-Based Covalent Ligand Screening Enables Rapid Discovery of Inhibitors for the RBR E3 
Ubiquitin Ligase HOIP. J. Am. Chem. Soc. 2019, 141 (6), 2703–2712. 

(20)  Resnick, E.; Bradley, A.; Gan, J.; Douangamath, A.; Krojer, T.; Sethi, R.; et al. Rapid Covalent-Probe 
Discovery by Electrophile-Fragment Screening. J. Am. Chem. Soc. 2019, 141 (22), 8951–8968. 

(21)  Lamoree, B.; Hubbard, R. E. Current Perspectives in Fragment-Based Lead Discovery (FBLD). Essays 
Biochem. 2017, 61 (5), 453–464. 

(22)  Shuker, S. B.; Hajduk, P. J.; Meadows, R. P.; Fesik, S. W. Discovering High-Affinity Ligands for 
Proteins: SAR by NMR. Science 1996, 274 (5292), 1531–1534. 

(23)  Hajduk, P. J.; Sheppard, G.; Nettesheim, D. G.; Olejniczak, E. T.; Shuker, S. B.; Meadows, R. P.; et al. 
Discovery of Potent Nonpeptide Inhibitors of Stromelysin Using SAR by NMR. J. Am. Chem. Soc. 
1997, 119 (25), 5818–5827. 



Chapter 7 

 

182 

(24)  Souers, A. J.; Leverson, J. D.; Boghaert, E. R.; Ackler, S. L.; Catron, N. D.; Chen, J.; et al. ABT-199, a 
Potent and Selective BCL-2 Inhibitor, Achieves Antitumor Activity While Sparing Platelets. Nat. Med. 
2013, 19 (2), 202–208. 

(25)  Hajduk, P. J.; Greer, J. A Decade of Fragment-Based Drug Design: Strategic Advances and Lessons 
Learned. Nat. Rev. Drug Discov. 2007, 6 (3), 211–219. 

(26)  Tsai, J.; Lee, J. T.; Wang, W.; Zhang, J.; Cho, H.; Mamo, S.; et al. Discovery of a Selective Inhibitor of 
Oncogenic B-Raf Kinase with Potent Antimelanoma Activity. Proc. Natl. Acad. Sci. U. S. A. 2008, 105 
(8), 3041–3046. 

(27)  Bollag, G.; Tsai, J.; Zhang, J.; Zhang, C.; Ibrahim, P.; Nolop, K.; Hirth, P. Vemurafenib: The First 
Drug Approved for BRAF-Mutant Cancer. Nat. Rev. Drug Discov. 2012, 11 (11), 873–886. 

(28)  Roughley, S.; Wright, L.; Brough, P.; Massey, A.; Hubbard, R. E. Hsp90 Inhibitors and Drugs from 
Fragment and Virtual Screening. In Fragment-Based Drug Discovery and X-Ray Crystallography; Davies, 
T. G., Hyvönen, M., Eds.; Topics in Current Chemistry; Springer Berlin Heidelberg: Berlin, 
Heidelberg, 2012; pp 61–82. 

(29)  Chevillard, F.; Rimmer, H.; Betti, C.; Pardon, E.; Ballet, S.; van Hilten, N.; Steyaert, J.; Diederich, W. 
E.; Kolb, P. Binding-Site Compatible Fragment Growing Applied to the Design of Β2-Adrenergic 
Receptor Ligands. J. Med. Chem. 2018, 61 (3), 1118–1129. 

(30)  Hudson, S. A.; Surade, S.; Coyne, A. G.; McLean, K. J.; Leys, D.; Munro, A. W.; Abell, C. Overcoming 
the Limitations of Fragment Merging: Rescuing a Strained Merged Fragment Series Targeting 
Mycobacterium Tuberculosis CYP121. ChemMedChem 2013, 8 (9), 1451–1456. 

(31)  Giordanetto, F.; Jin, C.; Willmore, L.; Feher, M.; Shaw, D. E. Fragment Hits: What Do They Look Like 
and How Do They Bind? J. Med. Chem. 2019, 62 (7), 3381–3394. 

(32)  Hardy, J. A.; Wells, J. A. Searching for New Allosteric Sites in Enzymes. Curr. Opin. Struct. Biol. 2004, 
14 (6), 706–715. 

(33)  Goodey, N. M.; Benkovic, S. J. Allosteric Regulation and Catalysis Emerge via a Common Route. Nat. 
Chem. Biol. 2008, 4 (8), 474–482. 

(34)  Laskowski, R. A.; Gerick, F.; Thornton, J. M. The Structural Basis of Allosteric Regulation in Proteins. 
FEBS Lett. 2009, 583 (11), 1692–1698. 

(35)  Ludlow, R. F.; Verdonk, M. L.; Saini, H. K.; Tickle, I. J.; Jhoti, H. Detection of Secondary Binding Sites 
in Proteins Using Fragment Screening. Proc. Natl. Acad. Sci. U. S. A. 2015, 112 (52), 15910–15915. 

(36)  Wakefield, A. E.; Mason, J. S.; Vajda, S.; Keserű, G. M. Analysis of Tractable Allosteric Sites in G 
Protein-Coupled Receptors. Sci. Rep. 2019, 9 (1), 1–14. 

(37)  Roca, C.; Requena, C.; Sebastián-Pérez, V.; Malhotra, S.; Radoux, C.; Pérez, C.; Martinez, A.; Páez, J. 
A.; Blundell, T. L.; Campillo, N. E. Identification of New Allosteric Sites and Modulators of AChE 
through Computational and Experimental Tools. J. Enzyme Inhib. Med. Chem. 2018, 33 (1), 1034–1047. 

(38)  Sijbesma, E.; Skora, L.; Leysen, S.; Brunsveld, L.; Koch, U.; Nussbaumer, P.; Jahnke, W.; Ottmann, C. 
Identification of Two Secondary Ligand Binding Sites in 14-3-3 Proteins Using Fragment Screening. 
Biochemistry 2017, 56 (30), 3972–3982. 

(39)  O’Reilly, M.; Cleasby, A.; Davies, T. G.; Hall, R. J.; Ludlow, R. F.; Murray, C. W.; Tisi, D.; Jhoti, H. 
Crystallographic Screening Using Ultra-Low-Molecular-Weight Ligands to Guide Drug Design. Drug 
Discov. Today 2019, 24 (5), 1081–1086. 

(40)  Sharff, A.; Keller, P.; Vonrhein, C.; Smart, O.; Womack, T.; Flensburg, C.; Paciorek, C.; Bricogne, G. 
Pipedream; Global Phasing Ltd: Cambridge, United Kingdom. 

(41)  Vonrhein, C.; Flensburg, C.; Keller, P.; Sharff, A.; Smart, O.; Paciorek, W.; Womack, T.; Bricogne, G. 
Data Processing and Analysis with the AutoPROC Toolbox. Acta Crystallogr. D Biol. Crystallogr. 2011, 
67 (4), 293–302. 

(42)  Kabsch, W. XDS. Acta Crystallogr. D Biol. Crystallogr. 2010, 66 (Pt 2), 125–132. 
(43)  Winn, M. D.; Ballard, C. C.; Cowtan, K. D.; Dodson, E. J.; Emsley, P.; Evans, P. R.; et al. Overview of 

the CCP4 Suite and Current Developments. Acta Crystallogr. D Biol. Crystallogr. 2011, 67 (Pt 4), 235–
242. 

(44)  Evans, P. R.; Murshudov, G. N. How Good Are My Data and What Is the Resolution? Acta Crystallogr. 
D Biol. Crystallogr. 2013, 69 (Pt 7), 1204–1214. 

(45)  McCoy, A. J.; Grosse‐Kunstleve, R. W.; Adams, P. D.; Winn, M. D.; Storoni, L. C.; Read, R. J. Phaser 
Crystallographic Software. J. Appl. Crystallogr. 2018, 40 (4), 658–674. 

(46)  Bricogne, G.; Blanc, E.; Brandl, M.; Flensburg, C.; Keller, P.; Paciorek, W.; et al. BUSTER; Global 
Phasing Ltd: Cambridge, United Kingdom. 

(47)  Emsley, P.; Cowtan, K. Coot: Model-Building Tools for Molecular Graphics. Acta Crystallogr. D Biol. 
Crystallogr. 2004, 60 (Pt 12 Pt 1), 2126–2132. 



 Epilogue 

 

183 

(48)  Moriarty, N. W.; Grosse-Kunstleve, R. W.; Adams, P. D. Electronic Ligand Builder and Optimization 
Workbench (ELBOW): A Tool for Ligand Coordinate and Restraint Generation. Acta Crystallogr. D 
Biol. Crystallogr. 2009, 65 (Pt 10), 1074–1080. 

(49)  Smart, O. S.; Womack, T. O.; Sharff, A.; Flensburg, C.; Keller, P.; Paciorek, W.; Vonrhein, C.; 
Bricogne, G. Grade, Version 1.1.1. Cambridge, United Kingdom, Global Phasing Ltd. 2011. 

(50)  Adams, P. D.; Afonine, P. V.; Bunkóczi, G.; Chen, V. B.; Davis, I. W.; Echols, N.; et al. PHENIX: A 
Comprehensive Python-Based System for Macromolecular Structure Solution. Acta Crystallogr. D 
Biol. Crystallogr. 2010, 66 (Pt 2), 213–21. 

(51)  Afonine, P. V.; Grosse-Kunstleve, R. W.; Echols, N.; Headd, J. J.; Moriarty, N. W.; Mustyakimov, M.; 
Terwilliger, T. C.; Urzhumtsev, A.; Zwart, P. H.; Adams, P. D. Towards Automated Crystallographic 
Structure Refinement with Phenix.Refine. Acta Crystallogr. D Biol. Crystallogr. 2012, 68 (Pt 4), 352–
367. 

(52)  Pearce, N. M.; Krojer, T.; Bradley, A. R.; Collins, P.; Nowak, R. P.; Talon, R.; et al. A Multi-Crystal 
Method for Extracting Obscured Crystallographic States from Conventionally Uninterpretable 
Electron Density. Nat. Commun. 2017, 8 (1). 

 

 

  



Chapter 7 

 

184 

 

 



 Summary 

 

185 

Stabilization of protein-protein interactions as a drug discovery 

strategy; fragments as a muse 

 

Almost all processes essential for life are at the fundamental level regulated by the 

interactions between the smallest functional units of a cell: proteins. These protein-protein 

interactions (PPI) are the drivers and regulators of all cellular activity, including signaling, 

transport, growth and apoptosis. Proteins as isolated moieties have been the subject of 

rational small molecule drug discovery since the establishment of the field of pharmaceutical 

therapy, roughly 100 years ago. Yet, the notion that a protein’s function can be modulated by 

means of its regulatory protein interaction events has only since recently been translated to 

successful efforts, following several important discoveries during the ‘80s and ‘90s of the last 

century. The past two decades have thus seen a surge of development in this field. PPI 

modulation by small molecules has risen to the highest ranks amongst promising strategies 

in modern drug development. Notably, whereas PPI inhibitors have taken the stage, small 

molecule stabilizers seem like one of the best kept secrets of PPI modulation strategies… 

The rationale for PPI stabilization is provided by Nature itself, which makes extensive use 

of small molecule stabilizers, resulting in several known protein complex enhancers of 

natural origin, including paclitaxel and rapamycin. Synthetic efforts engaging PPI 

stabilization as a strategy include degraders (PROTACs and IMiDs) and retrospectively 

identified PPI stabilizers, including lenalidomide and tafamidis. Systematic approaches for 

the prospective discovery of PPI stabilizers comprises a large unmet need. 

The work described in this dissertation has provided innovative fragment-based strategies 

for the discovery of PPI stabilizers, exemplarily illustrated for several interactions of the hub 

protein 14-3-3. These PPI are involved in a wide range of cellular pathways and several 14-3-3 

clients are notoriously difficult-to-drug disease proteins. Fragment-based approaches were 

envisioned to present an excellent opportunity to address the major challenge towards 

identifying chemical starting points for the development of PPI stabilizers. 

Since hit identification presents a critical first hurdle in fragment-based drug 

development, the main aim of the work described has focused on enabling innovative early 

discovery strategies directed to PPI stabilization. Following an initial exploratory study of 

general ligandability of 14-3-3 proteins by a fragment-based NMR screen in Chapter 2 – 

resulting in the identification of fragments binding in two newly discovered allosteric sites – 

the subsequent Chapters 3 through 5 have described the application of a site-directed 
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approach based on disulfide trapping. Herein, a cysteine-containing 14-3-3 isoform was 

incubated with a library of disulfide fragments, in the presence of client-derived 

phosphopeptides aiming to select cooperatively binding fragments in a targeted composite 

pocket, formed by 14-3-3 and the client. Hits could straightforwardly be detected by intact 

protein mass spectrometry. Indeed, optimization of this approach was successful and yielded 

stabilizers for the protein/peptide complexes of 14-3-3 bound by the Estrogen Receptor alpha 

(ERα) or protein kinase C-Raf. Furthermore, structural details were unraveled in several co-

crystal structures, providing critical insights in the molecular mechanism underlying the 

stabilatory activity of these fragments.  

Novel 14-3-3 interaction motifs have additionally been characterized for two Nuclear 

Receptors, of which an Estrogen Related Receptor gamma (ERRγ)-derived motif resides in the 

DNA-binding domain (DBD), as described in Chapter 5. A cysteine on this motif was found 

to be an ideally located reactive handle, for which analogously a disulfide trapping screen by 

fluorescence polarization was performed. This resulted in the successful identification of a 

small molecule stabilizer disulfide-bonded to the ERRγ DBD-derived phosphopeptide. 

Covalent enhancers for 14-3-3 PPI targeting a cysteine residue on the client presents a relevant 

avenue towards ensuring PPI stabilization selectivity. 

Such selectivity was additionally achieved by phosphonate-based small molecule 

stabilizers identified by a virtual screen and molecular docking paradigm directed at the 

phospho-accepting pocket of 14-3-3, as described in Chapter 6. Whereas initial concern 

around targeting this site lies with the potential danger of promiscuous inhibitory activity – 

since all phosphorylated 1-3-3 clients engage this pocket as the primary interaction site – it 

was interestingly found that by tuning the chemical structure of hit fragments selective 

stabilization can be achieved. Even relatively minor changes resulted in significantly inverse 

activities, whereby the stabilatory versus inhibitory activity of scaffolds could be entirely 

separated. 

Finally, the Epilogue in Chapter 7 highlighted ongoing work and several opportunities for 

future perspectives; to follow-up on strategies and hits described in this work specifically, and 

implications for this field in general.  

Together, the data described in this dissertation has provided a solid foundation of 

fragment-based screening strategies successfully applied to the intentional discovery of PPI 

stabilization. Insights thus obtained are anticipated to be applicable to a range of (14-3-3) PPI, 

empowering systematic stabilization as a drug discovery strategy. 
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Stabilisatie van eiwit-eiwit interacties als ontwikkelingsstrategie 

voor nieuwe medicijnen; fragmenten als muze 

 

Bijna alle processen essentieel voor het leven worden op fundamenteel niveau gereguleerd 

door de interacties tussen de kleinste functionele entiteiten van de cel: eiwitten, ook wel 

proteïnes. Deze zogenoemde proteïne-proteïne interacties (PPI) induceren en reguleren alle 

cellulaire activiteit; onder meer signaalverwerking, transport, groei en apoptose. Sinds het 

ontstaan van het vakgebied van de farmaceutische chemie, grofweg 100 jaar geleden, is het 

eiwit als geïsoleerde entiteit het onderwerp van de zoektocht naar kleine moleculen voor 

medicijnontwikkeling. De notie dat eiwitfunctie ook gemoduleerd kan worden door middel 

van regulerende eiwit interacties, heeft daarentegen slechts sinds recentelijk een vertaalslag 

naar een praktische succesvolle aanpak gemaakt, aangewakkerd door een aantal essentiële 

ontdekkingen in de jaren ’80 en ’90 van de vorige eeuw. De laatste twee decennia hebben 

aldus een grote toename van ontwikkelingen in dit veld gezien. De modulatie van PPI door 

kleine moleculen heeft een hoge status verkregen als veelbelovende strategie in de moderne 

medicijnontwikkeling. Noemenswaardig is dat waar PPI inhibitoren het podium hebben 

betreden, stabiliserende moleculen een van de best bewaarde geheimen van PPI 

modulatiestrategieën lijken te zijn… 

Het uitgangspunt voor PPI stabilisatie wordt gevonden in Moeder Natuur, waarin vele 

voorbeelden bekend zijn van kleine stabiliserende moleculen, wat heeft geresulteerd in de 

ontwikkeling en therapeutische toepassing van natuurstoffen als eiwitcomplex-versterkers, 

zoals paclitaxel en rapamycin. Ontwikkelingen van synthetische aard waarin de strategie van 

PPI stabilisatie wordt aangewend omvatten onder meer degradatie-inducerende bi-

functionele moleculen (bekend als PROTACs en IMiDs) en retrospectief geïdentificeerde PPI 

stabiliserende moleculen; voorbeelden zijn lenalidomide en tafamidis. De ontwikkeling van 

methoden voor een systematische aanpak in de gerichte zoektocht naar kleine PPI 

stabiliserende moleculen omvat aldus een relevante uitdaging. 

Het onderzoek beschreven in dit proefschrift heeft bijgedragen aan de ontwikkeling van 

innovatieve strategieën gebruikmakend van laagmoleculair gewicht moleculen (fragmenten; 

typisch kleiner dan 300 Da) voor de ontdekking van PPI stabilisatoren, zoals exemplarisch 

aangetoond voor interacties van het hub eiwit 14-3-3. De 14-3-3 eiwit-interacties zijn betrokken 

in een breed spectrum van cellulaire signaalnetwerken en verschillende bindingspartners van 

14-3-3 zijn befaamde ziekte-gerelateerde eiwitten waarvoor erg moeilijk medicijnen te 
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ontwikkelen zijn. Een fragment-gebaseerde aanpak werd in dit proefschrift gepresenteerd als 

een beoogde strategie die uitermate geschikt zou kunnen zijn om de enorme uitdaging, 

bestaande uit het vinden van chemische entiteiten met de juiste eigenschappen voor de 

ontwikkeling van PPI stabiliserende moleculen, het hoofd te kunnen bieden. 

Het identificeren van veelbelovende chemische startpunten is de eerste kritieke stap van 

(fragment-gebaseerde) medicijnontwikkeling. Het doel van dit werk is daarom gefocusseerd 

op het ontwikkelen van innovatieve strategieën in het vroege stadium van de route naar het 

ontwikkelen van nieuwe geneesmiddelen, gericht op PPI stabiliserende moleculen. Volgend 

op een initiële exploratieve studie naar het generieke ligand-bindende gedrag van 14-3-3 

eiwitten in een fragment-gebaseerde NMR screen in Hoofdstuk 2 – resulterend in de 

identificatie van fragmenten bindend in twee niet eerder ontdekte allostere holtes – 

beschreven Hoofdstukken 3 tot en met 5 de toepassing van een specifieke locatie-gerichte 

aanpak gebaseerd op disulfide-bondsvorming. Daarin werd een cysteine-bevattende 14-3-3 

isovorm geïncubeerd met een serie disulfide-fragmenten, in de af- en aanwezigheid van een 

bindingspartner-peptide, met als doel coöperatief bindende fragmenten te selecteren die een 

zekere affiniteit vertonen voor een pocket gevormd door 14-3-3 en de partner. Hits werden 

geselecteerd met behulp van intact eiwit-gebaseerde massa spectrometrie. Optimalisatie van 

deze aanpak was inderdaad succesvol en leverde verschillende stabiliserende moleculen op 

voor eiwit/peptide complexen van 14-3-3 gebonden aan de Oestrogeenreceptor (alfa isovorm) 

of de eiwitkinase C-Raf. Bovendien werden structurele details opgehelderd in verschillende 

co-kristal structuren, wat inzicht verschafte in het moleculaire mechanisme van eiwitcomplex 

stabilisatie door deze fragmenten. 

Nieuwe 14-3-3 interactie-motieven zijn daarnaast gekarakteriseerd voor twee additionele 

kernreceptoren, waarvan het motief afgeleid van de Oestrogeen-gerelateerde Receptor 

(gamma isovorm) gevonden werd in het DNA-bindende domein, zoals beschreven in 

Hoofdstuk 5. Een cysteine in dit motief was daarin ideaal gelokaliseerd om als reactief handvat 

te dienen in een disulfide-gebaseerde screen met fluorescentie polarisatie als primaire analyse 

methode. Dit resulteerde in de succesvolle identificatie van een fragment met stabiliserende 

eigenschappen dat door middel van een disulfide-binding aan het peptide bond, uitsluitend 

in de context van het 14-3-3/peptide complex. Covalente 14-3-3 PPI stabiliserende moleculen 

die aan een cysteine van het partnereiwit binden bieden een nieuw perspectief voor verdere 

garantie van selectiviteit. 

Deze selectiviteit was verder ook aangetoond voor fosfonaat-gebaseerde stabiliserende 

moleculen geïdentificeerd door middel van een virtuele screen gecombineerd met een 
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moleculaire docking aanpak, gedirigeerd naar de fosfo-accepterende holte van 14-3-3, zoals 

beschreven in Hoofdstuk 6. De initiële verontrusting rondom deze holte als doelwit voor 

kleine moleculen is gebaseerd op het potentiele gevaar van een promiscue inhiberend effect, 

sinds alle gefosforyleerde bindingspartners van 14-3-3 afhankelijk zijn van deze primaire 

interactieplaats. Interessant genoeg is in dit onderzoek aangetoond dat door middel van zeer 

kleine chemische aanpassingen een drastische verandering van werkingsmechanisme voor 

een molecule kan worden verkregen, waarbij significante verschillen werden aangetoond en 

daarmee de promiscue inhibitie activiteit volledig kon worden gescheiden van de selectieve 

stabilisatie. 

Afsluitend, de Epiloog in Hoofdstuk 7 heeft lopend onderzoek en verschillende 

mogelijkheden daarin, belicht als toekomstperspectief voor het opvolgen van de strategieën 

en veelbelovende chemische startpunten beschreven in dit werk specifiek, en implicaties voor 

dit veld in het algemeen. 

Samengenomen heeft de data beschreven in dit proefschrift een solide fundering gelegd 

voor het succesvol toepassen van fragment-gebaseerde screening strategieën, toegepast op de 

gerichte ontdekking van PPI stabiliserende moleculen. Van de inzichten hierin verkregen 

wordt voorzien dat deze toepasbaar zijn in een breed scala van (14-3-3) eiwit-interacties, 

waarmee dit werk bijdraagt aan de ontplooiing van systematische eiwitcomplex stabilisatie als 

medicijnontwikkelingsstrategie. 
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het meest gelezen..). Tijdens mijn onderzoek heb ik het enorme voorrecht gehad om van veel 

mensen te leren in verschillende samenwerkingen. Zonder hen zou dit boekje er niet geweest 

zijn en ik neem hier graag de gelegenheid hen te bedanken voor hun bijdrage. 

Ten eerste wil ik mijn promotors Luc Brunsveld en Christian Ottmann bedanken. Luc, al 

tijdens de masterfase heb je me gemotiveerd om uitdagingen op te zoeken en me in 

verschillende richtingen te ontwikkelen, zowel op onderzoeks- als persoonlijk gebied. Zo ben 

ik bij de groep van Wilbert Zwart beland aan het NKI in Amsterdam voor een deel van mijn 

afstudeerproject waarin ik veel ruimte kreeg voor eigen richting en zelfstandigheid. Ik heb dit 

enorm gewaardeerd en er dan ook bewust voor gekozen een promotietraject in de Chemische 

Biologie groep te starten, onder jouw begeleiding. Dit is een zeer goede beslissing gebleken 

en ik wil je bedanken voor de prettige samenwerking, de vrijheid en flexibiliteit, het open-

deur beleid en je inzet voor een goede sfeer in de groep. De cocktailbar aan het adres van de 

familie Brunsveld zal niet snel vergeten worden; ook de drie organisatoren daarvan, bedankt! 

Christian, waar ik aan het eind van mijn afstuderen zelfs nog dacht weg te komen zonder aan 

14-3-3 eiwitten te werken, kwam jij met het voorstel voor mij om op stage te gaan bij Michelle 

Arkin aan UCSF om daar een drug discovery project op te zetten voor – je raadt het al: 14-3-3. 

Omdat de eerste resultaten daarvan veelbelovend leken, ben ik er vervolgens nog vier jaar aan 

blijven plakken, en begin ik me intussen af te vragen of ik er ooit weer van af ga komen! Ik 

bewonder je onuitputtelijke enthousiasme, energie en de positiviteit waarmee je jouw carrière 

en de groep richting geeft en waarmee je ongetwijfeld iedereen die je ontmoet inspireert en 

motiveert. Heel erg bedankt voor alles wat je voor mij en dit onderzoek mogelijk hebt gemaakt 

en ga zo door! An important factor for the success of this research is without a doubt due to 

the collaboration with Michelle Arkin and her group at UCSF, directly from the start. 

Michelle, your expertise in early discovery, sharp observations and critical questions have 

lifted the science to the next level and contributed to multiple chapters in this thesis. Thank 

you for your continued involvement and for all valuable lessons you taught me along the way. 

I have thoroughly enjoyed our collaboration, my visits to San Francisco, and hosting you in 

Eindhoven! I am happy you are here again today. Luc, Christian, Michelle, together the three 

of you have given me all possibilities and freedom in my research while providing direction 

where needed, but most of all you have given me the courage and confidence to explore, try, 

fail, pursue, learn, and ultimately succeed. For this I am really grateful. Indeed we make quite 

an interesting team and I look forward to where that might bring us in the future. 
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Mijn affiniteit met het onderzoek naar alternatieve modulatie van de oestrogeenreceptor 

voor de behandeling van borstkanker is tijdens mijn afstudeerproject begonnen en daarna 

verder toegenomen. Ik ben dan ook heel blij dat Wilbert Zwart in mijn promotiecommissie 

heeft plaatsgenomen. Wilbert, jouw passie en expertise in dit veld hebben me destijds 

geïnspireerd en aangemoedigd om hier ook verder in door te gaan. Ik wil je graag bedanken 

voor het lezen van mijn proefschrift en je kritische blik vanuit de meer klinische setting. 

Hopelijk zijn de vroege vondsten van dit onderzoek in de nabije toekomst vertaalbaar naar 

biologische relevantie in toekomstige samenwerkingen! 

I am additionally very thankful for the inspiration and expertise of Wolfgang Jahnke as a 

member of my defense committee. Wolfgang, I have enjoyed our collaboration and I would 

like to thank you for the opportunities, all your input and ideas for driving our shared 14-3-3 

projects. If anyone knows how to pursue and ultimately tackle a difficult-to-drug target protein 

(using a fragment-based approach), it is definitely you! Wir trinken einen auf der Party. 

Iwan de Esch en Laura Heitman, heel erg bedankt voor het accepteren van de uitnodiging 

om in mijn promotiecommissie plaats te nemen en voor het lezen van mijn proefschrift. Ik 

kijk ernaar uit om met jullie van gedachten te wisselen over mijn onderzoek! 

The defense ceremony and evening program afterwards would not be complete without 

my two paranymphs Eva Magdalena Estirado en Karlijn Thoonen, who also provided essential 

support in the preparation stage. Thank you! Words could not describe what it means to me 

that you are standing next to me today. My dearest Evita torrijita, I can simply say I could not 

have done any of this without you. We started our PhDs together, and we will finish them 

together! From the first day we have supported and complemented each other’s 

performances, both in the lab and in the bar. Between these two locations we roughly divided 

our time and it is quite safe to say the balance shifted from being mostly in the bar to mostly 

in the lab, over the past four years! Who knew, we grew up! I am incredibly proud of you, for 

your strength, courage, and perseverance; with this mindset you inspire me every day. Above 

all, no matter what anyone else says, you have the greatest sense of humor!! I look forward to 

standing next to you in a couple of weeks, when the roles of ‘dear candidate’ and paranymph 

are reversed, and wish you the brightest possible future. Siempre te querré, guapa! 

Lieve Kar (ik zal je nickname hier achterwege laten), we go waaay back! Ik ben zo blij dat 

ons pad spontaan zoveel parallellen heeft gehad, vanaf dansles op woensdagmiddag via het 

Eindhovense studentenleven tot promoveren, waardoor we elkaar door en door hebben leren 

kennen. Jouw mega positieve instelling en ongekende doorzettingsvermogen zorgt dat je je 

door geen enkele uitdaging uit het veld laat slaan. Dat je zo sterk en zo lief tegelijk kan zijn 

blijft me verbazen! Blijf elk avontuur aangaan zoals je doet en vergeet vooral niet wat een 

bijzonder mens je bent! Ik wens je heel veel succes met de laatste fase van jouw PhD en ik 

kijk uit naar onze parallellen in de toekomst!  
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The research described in this thesis is the result of collaborations with many talented 

researchers. I am very grateful for their contributions. During my time at UCSF I mainly 

worked together with Ken Hallenbeck on the disulfide tethering optimization and screening. 

Kenneth Ken, many thanks for sharing your mass spec expertise, coffee breaks and beer 

hours. I have enjoyed our collaboration and I’m very proud of us for finishing that shared 

publication! All the best in your future career and I’m sure our paths will cross again! Kyle, 

since you never missed a coffee break (in contrast to K.K.), I want to hereby acknowledge you 

as well! Thanks for the support, your humor and positivity! Great to hear you finished your 

PhD, you beat me to it! Good luck in the future and see you hopefully soon again! I 

additionally would like to thank Connie Merron and Julia Davies for their incredible work on 

the data processing and improving algorithms for the sticky 14-3-3. Furthermore, a big thank 

you to Mengqi, Greg, and the rest of SMDC, for help, ideas and most of all the great times in 

the lab! Special word of thanks to Kazuko, you are the best! Thank you for keeping it all 

running and my goodbye lunches were awesome. The expanded current team; Jeff, Adam, 

Priya, Shubhankar, John, Dyana, Paul and Holly, your enthusiasm and commitment reminds 

me how awesome and full of potential these projects are and made me realize this is not the 

end, it’s only the beginning! Thank you for our shared efforts, biweekly zoom meetings and 

sharing your knowledge. I wish you all the best in the future. 

During two visits to Novartis in Basel I had the opportunity to learn (a tiny bit) about 

ligand- and protein-observed NMR from Lukasz and soak, fish and collect data at the Swiss 

Light Source for 200 crystals (fun!) together with Joy. Thank you both for helping me out! 

I’m happy the NMR hit made it to a publication, and that we found several interesting 

fragments in X-Ray - I look forward to where that might go. Also a big thank you to Lena 

Muenzker for providing me with a place to stay in Basel. Joy and Lena, congratulations on 

finishing your PhDs, good luck in your careers and I wish you all the best in the future. Let’s 

go Rhine-swimming soon again! 

Niet alleen ver weg, maar ook dichter bij huis hebben verschillende samenwerkingen mij 

en de projecten enorm geholpen. Hiervoor wil ik specifiek Seppe Leysen, Sebastian Andrei, 

Lech Milroy, Pim de Vink en Loes Stevers bedanken. Seppe, als de ‘chief crystallographer’ 

heb jij het lab opgezet zoals het vandaag de dag functioneert. Heel erg bedankt dat je me alles 

hebt geleerd in de wondere wereld van de kristallografie, als ik ooit het gevoel heb half zoveel 

als jij te weten, prijs ik me gelukkig. Ik zal onze gedeelde blijdschap bij het zien van de eerste 

groene ‘blob’ van een disulfide soak me nog lang herinneren! Veel succes in jouw verdere 

carrière. Gelukkig hebben we een nieuwe Linux expert, dus hierbij ook een diepe buiging 

voor Rens, jouw toewijding om elk Linux-gerelateerd probleem bij de wortel (root) aan te 

pakken is noemenswaardig. Keep it up en vergeet niet ook je eigen PhD af te ronden, succes! 

Lieve Loes, jij was zo’n beetje de eerste die met die slide ’14-3-3, the name…’ steeds maar op 
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de proppen kwam tijdens meetings. Toen dacht iedereen nog ‘goh, interessant zeg’. Nu denkt 

iedereen ‘alweeer…’ Ha! De groep is uitgegroeid tot een beetje gevestigde orde hier en jij stond 

aan het begin daarvan. Dankjewel voor jouw hulp en advies in het lab maar ook daarbuiten. 

Het was mijn eer jouw paranimf te zijn, samen met Anniek, en ik hoop dat we onze 

borrelavondjes met z’n drieën blijven voortzetten! Lieve Anniek, voor jou ook een super dikke 

dankjewel. Jouw opgewekte humeur, daar kan ik niet genoeg van krijgen en ik weet zeker dat 

het menig van ons door de zware dagen heen heeft gesleurd! Je bent een van de allerliefste 

en warmste mensen die ik ken en ik wens je het allerbeste in de toekomst. Dear Lech, your 

synthetic chemistry experience, passion for chemical biology, and new ideas have been a great 

help in the early stage of my PhD and an inspiration throughout. I would like to thank you 

for this. I wish you, Katja and the kids a great future and hope to keep in touch! Sebas and 

Pim, working with you two has been quite the journey! It took a few struggles to find the way 

in the 14-3-3 jungle, but I think the combination of our expertises and mindsets has really 

payed off. Teaming up with the Fusicoccin semi-synthesis expert and ‘the Pim-square’ has 

been my honor. Thank you! Pim, eigenlijk weten we heus wel dat jij stiekem allang professor 

bent, maar ik zal het tegen niemand zeggen. Veel succes met de laatste fase van jouw PhD! 

Dr. Andrei, veel plezier en succes tijdens jouw postdoc in Londen. Ik weet zeker dat je daar 

de show weer zal gaan stelen zowel in als buiten het lab. Het was me een waar genoegen om 

jouw paranimf te zijn en ik kijk uit naar weer een fameuze kroegentocht in de UK! Of course, 

when talking about drinking beers on The Island, Richard is part of that equation. Rich, as 

my office mate you have been both a tremendous support as a major pain. Thank you for that! 

I have enjoyed every day of sharing the office (‘If you want a genuine, frank opinion, come in, 

today is your day!’), you are a great scientist and awesome person. I wish you, Aneika and 

your two boys a wonderful future. This also brings me to my other office mates. Thuur and 

Junhong, together with Richard you welcomed me into your ‘old boys network’ of two 

postdocs and a third-year PhD, when I started as a fresh first-year. Thuurke, ik kan alleen 

maar zeggen: boerenbroelof. Of hoe je dat ook schrijft! Bedankt voor al het geouwehoer en de 

goede gesprekken, je bent echt een topper! Heel veel succes en plezier in jouw carrière en in 

je nieuwe rol als papa. Junhong, you are an incredibly kind and smart person, I always enjoy 

seeing you. Thank you for the guidance and the fun! I wish you good luck in these exciting 

times at the startup! Zoals dat gaat schuiven kantoorgenoten vanzelf door en zo kwamen 

Suzanne en Boris erbij. Suus, volgens mij was je er nog geen week of we stonden al in de 

intratuin! Zelfs Boris nam gewillig een plantje onder zijn hoede. Het kantoor is er zeker op 

vooruit gegaan en heeft ook de rest van de gang intussen geïnspireerd. Het zit niet altijd mee 

tijdens een PhD maar ik heb er geen enkele twijfel over dat met jouw opgewekte karakter, jij 

er wel gaat komen. Ik bewonder je organisatiekunde (dat gaat mij never nooit lukken), 

creativiteit en enthousiasme voor allerlei interessante activiteiten en cursussen! Ik wens je de 
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allermooiste en groenste toekomst, wie weet waar je gaat belanden! Boris, jij bent de stille 

kracht van het kantoor, je bent echt een harde werker en soms onverstoorbaar, ook al is dit 

nou niet altijd het stilste kantoor van de vloer.. Ik wens je het beste, samen met Joyce en jullie 

hondje in jullie nieuwe huis! Kantoorgenootjes, ik ga jullie missen, heel veel succes met het 

afronden van jullie PhDs, ik zie jullie dan! As the latest addition Galen was welcomed by the 

crew of STO 3.21, providing some nice American sarcasm. Thank you all for the great times 

in ‘the greenest office in Helix’ (except maybe for Christian’s), keep up the good vibes! 

Tijdens mijn PhD heb ik met fantastische masterstudenten samengewerkt. Joris, Iris, 

Reanne en Emira, het was een groot plezier om jullie een beetje onder mijn hoede te nemen 

en ik hoop dat jullie net zoveel van mij hebben geleerd als ik van jullie! J.J. ik heb nog nooit 

iemand zóveel moleculen zien maken en zuiveren in zo’n korte tijd. Waarschijnlijk heeft de 

weddenschap met Lech erbij geholpen maar jouw enorme drive om hard te werken is 

ongekend. Bedankt voor de toptijd en het was mijn eer je ‘begeleider’ te zijn. Iris, jij was de 

eerste masterstudent die aan mijn bureau stond om te komen afstuderen, toen ik net een paar 

maanden bezig was. Het was een leuke zoektocht samen en je hebt het heel goed en 

zelfstandig gedaan! Veel succes met jouw PhD. Emira, laten we zeggen het toeval heeft ons 

bij elkaar gebracht en dat is ontzettend goed uitgepakt! Wat een plezier om met jou samen te 

werken, je bent enorm gedreven en pakt alles aan, van uitdagingen tot advies en goede raad. 

Super dat je nu aan je eigen PhD bent begonnen en dat we daarin blijven samenwerken. Dat 

laatste geldt natuurlijk ook voor Bente; nog zo’n harde werker en niet bang voor een uitdaging. 

Ik hoop jullie een beetje op weg geholpen te hebben en ben nu al heel trots. Veel succes in 

jullie PhDs, ik kijk uit naar het afronden van onze gedeelde projecten tot mooie publicaties 

in de nabije toekomst en ik ben heel benieuwd wat de komende jaren jullie gaat brengen! 

De Molecular Science and Technology divisie waarvan we deel uitmaken biedt een unieke 

en inspirerende omgeving, zowel op onderzoeks- als sociaal gebied. Dit zou niet mogelijk zijn 

zonder de inzet van de MST stafleden, die ik daar enorm voor wil bedanken. Alle secretaresses 

die de boel in goede banen leiden en orde brengen in de chaos: Marjo, Margot, Carla, Martina, 

Tanja, jullie staan altijd klaar voor alle vragen, super bedankt daarvoor! Henk heeft ook een 

speciale plek in ieder MST-hart, dankjewel voor de heerlijke koffie elke morgen, voor jouw 

opgewekte humeur, gezellige praatjes en je lessen in levenswijsheid, dat ga ik erg missen! 

Hans, zonder jou stort de hele boel in vrees ik, enorm bedankt voor jouw inzet en het beste 

chemicaliën-bestel-en-bezorg systeem ooit. Ook Jolanda wil ik hierbij bedanken voor het 

bewaren van de orde en de veiligheid binnen de labs van MST. Het analytisch team, Joost en 

Lou, super bedankt voor jullie expertise, het up-and-running houden van alle apparatuur en 

jullie bereidheid altijd te helpen met de moeilijkste raadsels en vraagstukken. Peggy, de 

guardian van het biolab, bedankt voor jouw organisatie, eeuwige geduld, en natuurlijk de 

koekjes tijdens de biolab meetings. Ik weet niet hoe je het doet, maar het combineren van 
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onderwijs aan honderden studenten, met het in toom houden van honderden biolab-

gebruikers, zonder daarbij je goede humeur te verliezen is een speciale gave! Alle collega’s, 

nu en door de jaren heen, hebben allemaal hun steentje bijgedragen aan de warme sfeer 

binnen de MST familie; Lenny, Björne, Remco, Chan Vinh, Marcel, Martijn, Olga, Marcos, 

José, Sjors, Wouter, Maarten, Gijs, Peter-Paul, Elisabeth, Lenne, Maaike, Tsuyoshi, Madita, 

Peter, Femke, Bastiaan, Emilien, Pascal, Ardjan, Wiggert, Simone, en alle anderen, heel erg 

bedankt daarvoor! 

What I have mostly noticed over the years at TUe, is that the people you work with 

ultimately become your best friends. This for me is what made it such a great time and I feel 

incredibly lucky for having so many wonderful people around me. From the early days, until 

today, the TU Nerds have been there: Maaike en Marthe, jullie zijn waarschijnlijk de meest 

hyperactieve en prettige gestoorde freaks die ik ken! Misschien passen we daardoor zo goed 

bij elkaar.. Geen enkel spontaan avontuur is te gek voor ons en ik hoop dat we dat nog heel 

lang volhouden samen. Mike, of het nou Parijs, SF, Boston of Amsterdam is, bij jou voel ik 

me thuis! We hebben weinig woorden nodig om precies te weten wat we bedoelen en het is 

echt super fijn om zo met iemand op één lijn te zitten. Jij bent niet bang om altijd totaal je 

eigen pad te kiezen en daarvoor ben ik heel trots op je. Dankjewel voor je support en dat je er 

op de een of andere manier altijd precies bij bent op de juiste momenten! Wat goed uitkomt 

want ik zou die met niemand anders willen delen. Heel veel succes met de laatste loodjes van 

jouw PhD, en wie weet waar onze avonturen ons samen weer gaan brengen! Smarti, sinds 

kort ben je ook het Eindhovense nest uitgevlogen en ik ben heel blij voor jullie dat het zo goed 

bevalt in het nieuwe huisje in Flaffa! Je bent uniek, bijzonder en super grappig maar bovenal 

heel erg lief. Iedereen kan op jouw steun rekenen en zo heb je mij er ook altijd doorheen 

gesleurd, als het niet met je kookkunsten was dan wel met veel kopjes thee en Friends. 

Dankjewel mop! Ik vond het super toen we nog buren waren op het Brabantpleintje maar ook 

nu weet ik zeker dat het goed zit. Ik wens je de allermooiste toekomst! 

Dan is er nog zo’n wervelwind die overal ja op zegt, 1000 dingen tegelijk doet en ze ook 

nog eens allemaal tot een succes maakt; Dan Jing, jij kan wat bijna niemand anders kan. Zelfs 

ik kan jou niet bijhouden, terwijl iedereen het liefst ver uit onze buurt blijft als wij als twee 

lawaaikanonnen samen zijn! Bedankt dat je er altijd voor me bent geweest en voor de 

bijzondere persoon die je bent! DJ, ik ben ongelooflijk trots op je en weet zeker dat je heel ver 

gaat komen, in welk van je vele talenten je jezelf ook verder gaat ontwikkelen! 

Het is zonder twijfel een wijdverspreid fenomeen binnen de wetenschap, maar ook 

binnen MST ontstaan er verschillende succesvolle liefdesrelaties. Een interessant detail is dat 

het in veel gevallen hierbij een Spaans-Nederlands verbond betreft, wat een formule voor 

succes lijkt. Jurgen, het lijkt bijna of er opzet in het spel was, maar daar was dan ineens die 

Spaanse schone. Of dit een positief of negatief op jouw productiviteit heeft gehad zullen we 
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nooit weten maar een ding is duidelijk; met de chemie tussen jullie twee zat het in ieder geval 

wel goed! Zo goed dat het erop begint te lijken jullie beide PhDs te gaan overleven. Ik ben 

heel blij dat Eva zo’n fantastische vent aan de haak heeft geslagen (of jij haar), samen zijn 

jullie echt een powercouple en volgens mij kunnen jullie alles aan. Heel veel geluk samen in 

de penthouse! Another powercouple of Dutch-Spanish origin is formed by Bas en Berta. I 

have not often met two such awesome people that are even more awesome together. You two 

are the cutest! Bas, ik kon me geen beter schrijf-maatje wensen! De laatste maanden waren 

intens en het is hilarisch over hoeveel kleine details wij ons allebei op exact dezelfde manier 

druk kunnen maken! Gelukkig hebben we ook een flinke dosis zelfspot. Ik wens je alvast heel 

veel succes volgende week en ik zal mijn uiterste best doen Glenn in toom te houden als 

paranimf. Glenne; off the record, niks van waar hoor, we gaan hem even flink aanpakken! 

Met jou komt dat sowieso wel goed geloof ik. Bedankt voor alle lol, ook als bench-buurmannen 

in het lab heb ik van jullie twee genoten; oneindig geouwehoer maar wederzijds respect voor 

een ‘hou even je waffel’ als er keihard gewerkt moest worden tussendoor. Dan nog even dit; 

die nieuwe ‘volwassen’ look van je, daar trapt natuurlijk niemand in! Blijf in ieder geval jezelf, 

want dat is wel zo leuk. Heel veel succes met jouw PhD! Berta, you are a sunshine and it is 

truly incredibly how much patience you have with a guy that almost permanently overworks! 

At the same time, Bas and I recently realized you have a more vibrant (social) life in Eindhoven 

than either of us, which maybe says more about you and how many activities you like. I’m 

excited to finally experience your singing performance soon! I wish you two a beautiful future 

and look forward to where we might meet! Patri, my other partner-in-crime, you have a true 

gift for brightening the day of everyone you meet. You are so funny, happy and also really 

cute, this is a great combination. I am very happy to be paranymphs together and look forward 

to our performance! Good luck with your PhD, you can do it! 

Ook wil ik het clubje van het NKI niet vergeten te bedanken. Merlijn, Lisette, Roos, jullie 

zijn kanjers! Stiekem is de tijd sinds het toevallige ontstaan van ons clubje voorbij gevlogen, 

maar ik vind het top dat we nog steeds zo betrokken zijn bij elkaar. Ik hoop dat we dat lang 

zo houden en ben blij dat jullie er vandaag bij zijn! 

Dit brengt me bij het laatste deel, wat gereserveerd is voor de bijzondere mensen in mijn 

leven die ik niet heb gekozen, maar kado heb gekregen. Te beginnen met de familie van Dun, 

waarin ik een super warm welkom heb gekregen en me nu helemaal thuis voel. Lieve Hetty, 

Jan, Tom, Ruben en Luuk, dankjulliewel voor het zijn wie jullie zijn, voor alle support, liefde 

en vertrouwen die jullie niet alleen ‘de echte’ maar ook de nieuwkomers van Dunnen 

meegeven. Super dat jullie er zijn vandaag! Mijn eigen lieve Siepjes; papa, mama, Auke, 

Karlijn, Patrick, wat ben ik blij dat ik in dit maffe chaotische gezin altijd een plek heb. Pap, 

mam, jullie hebben ons aangemoedigd om zelfstandig te zijn, al onze eigen zaakjes voor 

elkaar te krijgen en overal het beste van te maken, daar ben ik heel blij mee. Bedankt voor 



Dankwoord 

 

202 

alles wat jullie mij gegeven hebben wat me heeft gemaakt tot wie ik ben. Ik hou van jullie! 

Ook opa - die het niet meer mee kan maken maar waarvan ik zeker weet dat hij nu ergens erg 

trots is op zijn ‘grootdochter’, en oma, bedankt voor jullie liefde en vertrouwen, ik denk altijd 

aan jullie. Aukio, broertje, doorzetter, woordgrappenkunstenaar, gefeliciteerd en heel veel 

succes met je nieuwe baan. Blijf zo doorgaan en wie weet word je ook nog eens een kajak-

kampioen! Karly, zussie, schatje, chemicus! Bijna is het zover! We hebben de traditie van rond 

dezelfde tijd een diploma te halen goed volgehouden. Je bent een kanjer, ga zo door en blijf 

wie je bent! Ik ben super trots op jullie allebei. 

De laatste woorden van dit proefschrift zijn voor de meest bijzondere en onverwachte 

vondst van mijn PhD. Lieve Sam, soms kunnen we nog bijna niet geloven dat het zo is 

gelopen maar het leven zit toch echt vol verrassingen en vanaf het eerste moment kan ik me 

ook al bijna niet meer voorstellen dat het ooit anders is geweest dan jij en ik. Je bent de 

allermafste, liefste, grappigste en ik ken niemand die zoveel eigenheid heeft als jij. Er gaat 

bijna geen dag voorbij dat ik niet slap lig van het lachen met jou. Je bent mijn voorbeeld en 

mijn held, je inspireert me en houdt me op het juiste pad als ik weer eens doordraaf in mijn 

enthousiasme. S, liefde van mijn leven, ik hou van je en ik kan niet wachten om samen 

nieuwe avonturen te beginnen! 

Let’s go! 

 

Eline 


