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Chapter 1 

Introduction 

 

 

Abstract 

Direct interactions between proteins are essential for the regulation of their functions in biological 

pathways. Targeting the complex network of protein-protein interactions (PPIs) has now been widely 

recognized as an attractive means to therapeutically intervene in disease states. Even though this is a 

challenging endeavor, and PPIs have long been regarded as ‘undruggable’ targets, the last two decades 

have seen an increasing number of successful examples of PPI modulators resulting in a growing 

interest in this field. This thesis focuses on the hub protein 14-3-3, which has several hundred identified 

protein interaction partners, and is therefore involved in a wide range of cellular processes and 

diseases. Many of these interaction partners bind to 14-3-3 in a multivalent fashion, where two 

phosphorylated sites that lie in the same target protein bind to one 14-3-3 dimer. Additionally, in several 

cases, the 14-3-3 binding partner contains more than two 14-3-3 binding sites. In this chapter an 

overview is provided of the approaches explored for the modulation of PPIs in general and 14-3-3 PPIs, 

showing the potential and challenges in both inhibiting and stabilizing 14-3-3 protein complexes. 

Furthermore, the challenges concerning characterization and modulation of multivalent 14-3-3 PPIs 

are discussed.  

 

 

 

 

 

 

 

 

Parts of this work will be published as: Stevers LM, Sijbesma E, Botta M, MacKintosh C, Obsil T, Landrieu 

I, Cau Y, Wilson AJ, Karawajczyk A, Eickhoff J, Davis J, Hann M, O’Mahony G, Doveston RG, 

Brunsveld L, Ottmann C. Modulators of 14-3-3 Protein-Protein Interactions. J. Med. Chem., recently 

accepted. 
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1.1 Protein-protein interactions (PPIs) 

Proteins are large macromolecules that consists of one or more chains of amino acid residues. 

These proteins perform a vast array of biological functions within organisms, including cell signaling, 

transport of diverse molecules, DNA transcription, and protein degradation. However, most proteins 

do not function as single isolated entities but are engaged in a dynamic physical network with other 

proteins in the biomolecular context of a cell and its environment, often as part of a multi-protein 

complex.1 This makes the interactions of proteins, so called protein-protein interactions (PPIs), as 

important as the biochemical activity of the protein itself.  

 

1.2 PPI modulation 

To understand the biological role of a protein and its underlying PPI network it is of great 

importance to be able to manipulate PPIs. Additionally, the “druggable genome” has been initially 

estimated to comprise around 1,500 single protein targets.2 Although this is still a lot more than the 

266 human protein targets addressed via currently approved drugs,3 intentionally targeting PPIs 

significantly enlarges this number. The targeting of PPIs will be particularly valuable for diseases that 

cannot be addressed by “conventional” targets such as enzymes or receptors. By considering PPIs 

occurring in the human body, this situation can undoubtedly be improved, given the size of the so-

called protein-protein “interactome”; with estimates lying between 130,0004 and 650,0005 protein 

complexes. Successfully addressing PPIs will vastly expand our opportunities for pharmacological 

intervention.6 However, our understanding of biological mechanisms, and thus also which PPIs are 

relevant to disease, is still rudimentary. This can be reflected by the fact that the highest attrition rate 

during the drug-discovery process occurs during phase II clinical trials, when it also becomes more 

costly.7 This attrition all too often arises because the desired biological effect is not observed with a 

given lead candidate. The availability of a good chemical probe, in contrast to genetic methods, 

uniquely allows temporary and titratable knockdown of a protein of interest, permitting its 

“druggability” and relevance to disease to be evaluated.8–10 Such probes can drive fundamental biology, 

for instance publications on BRD4 (bromodomain) and hDM2 (ubiquitin ligase), have increased 

dramatically since the discovery of the PPI inhibitors JQ14411 and Nutlin.12 

The issue of “druggability” is not unique to PPIs. However, their extensive regulatory role in 

biological mechanisms dictates that high-quality tool compounds modulating PPIs are urgently 

required as probes of healthy/disease biology, and to provide starting points for drug discovery. Here, 
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PPIs present a further challenge in that the interacting surfaces are larger, flatter and generally 

deficient in the “binding-pockets” that define conventional ligandable13,14 proteins,7 although, 

identification of hot-spots15 permits a binding site to be defined. This challenge is sufficiently daunting 

that until recently, PPIs were considered too challenging to modulate using small molecules and 

amenable only to modulation using biologics.16 However, the emergence of PPIs as small-molecule 

targets has now been conclusively demonstrated by the Nutlin series (Roche)12 and Navitoclax 

(abbott).17 Although, traditional approaches (e.g. high-throughput screening, fragment-based drug 

discovery, computer-aided ligand design) are recognized as having limitations in terms of 

identification of hit matter,18,19 the development of design-based approaches e.g. based on foldamers is 

encouraging.20 A number of strategic approaches to modulation can be envisioned comprising 

competitive (or orthosteric) inhibition, allosteric inhibition, direct stabilization, and allosteric 

stabilization (Figure 1.1A-D) with general progress in this area summarized in numerous well cited 

reviews.14,18,19,21–25 In terms of intervention within a pathway, the biological effect might be complex in 

that competitive inhibition of a PPI will result in stabilization of a PPI elsewhere within the pathway. 

Similarly, allostery affects not only the activation state of a given protein but the entire pathway in 

which it is embedded,26 for instance the GTPase activity of Ras is modulated through its protein-protein 

interaction with SOS at a remote site, and modulation of this interaction affects downstream PPI-

mediated kinase activity within the entire pathway.27  

Figure 1.1 | Schematic depicting different strategies for the modulation of PPIs: (A) competitive 

(orthosteric) inhibition, (B) allosteric inhibition, (C) direct stabilization, and (D) allosteric stabilization. 
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In terms of ligand approaches, competitive inhibition, allosteric inhibition/stabilization, and direct 

stabilization modulation of PPIs are extremely different. Competitive inhibition is reasonably well 

established and a number of inhibitors have been identified using conventional drug-discovery and 

designed approaches. Prominent examples include: RG-711228 (a Nutlin follow-up from Roche), ABT-

19929 (Abbott) and I-BET762 (GSK)30 all of which entered clinical trials (Figure 1.2A-C). Challenges 

associated with competitive inhibition center on achieving sufficiently potent and selective recognition 

of either protein surface for inhibition to occur, and the concomitant liability that might be introduced 

in terms of inhibiting all PPIs of the target protein. The biological response is proportional to the 

quantity of competitor. Allosteric modulators may be more challenging to achieve by “design” and 

more likely to be identified by chance, however allosteric modulators offer increased selectivity, self-

limiting activity and where PPIs are concerned, are much more likely to have the Lipinski properties31 

characteristic of traditional small-molecule drugs. A number of natural products have been identified 

that act through allosteric effects such as Taxol, which stabilizes tubulin so as to retard its 

polymerization.32 Drug-discovery and chemical biology programs have also delivered allosteric 

modulators. For instance, allosteric inhibitors of HIF-2 complex formation have been identified, which 

act through recognition of the PAS-B domain of the HIF-2α subunit (Figure 1.2D).33 Such compounds 

have been used to validate HIF-2 as a viable cancer target in renal cell cancer.34,35 Stabilization though 

is less well established, featuring prominently amongst natural products: Brefeldin A,36 Forskolin,37 

and Rapamycin38 (amongst others) all act through stabilization of a PPI (Figure 1.2E-F). In addition, 

one of the only PPI modulators to successfully reach the clinic as Tafamidis, stabilizes a PPI: 

transthyretin, which normally exists as a functional tetramer, aggregates in neurodegenerative diseases 

such as the transthyretin amyloidosis. Small molecules such as Tafamidis that recognize and stabilize 

the tetramer have been known to kinetically retard aggregation and thus amyloid-fibril formation.39,40 

It should be noted that stabilizers of PPIs should also exhibit a self-limiting biological response and 

greater selectivity since they rely on ternary complex formation. 

 Despite these advances, PPI modulation drug discovery remains a largely unsolved problem with 

inhibitors against only a few targets in current clinical trials.19 Progress is hampered by low success 

rates in identifying high-quality starting points for drug discovery,18 and by a poor understanding14 of 

which PPIs may be targeted by small molecules. Improved ligand-discovery approaches and better 

conceptual understanding might well arise from the study of certain privileged protein classes. With 

several hundred identified protein interaction partners in eukaryotic cells, the family of the so-called 

14-3-3 proteins are an especially interesting case for small-molecule PPI modulation. This protein 

family represents both an outstanding testing ground for new conceptual approaches to PPI 

modulation and the elaboration of novel therapeutic approaches. PPIs of 14-3-3 proteins play key roles 
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in numerous disease-relevant biological pathways and offer clear opportunities in terms of inhibition 

and stabilization.  

 

  

Figure 1.2 | Representative examples of competitive and allosteric inhibiting, and direct stabilizing PPI 
ligands (X-ray structure (top), chemical structure (bottom)). (A) p53/hDM2 inhibitor RG-7112 (protein 
data bank (PDB) ID: 4IPF),87 (B) BH3/Bcl-2 inhibitor ABT-199 (PDB ID: 4MAN),29 (C) BRD4/Histone 
inhibitor I-BET762 (PDB ID: 4C66),30 (D) HIF-2 PAS domain allosteric inhibitor (PDB ID: 4GHI),33 
(E) FKBP12/Rapamycin/FRAP stabilizer complex (PDB ID: 1FAP),38 (F) transthyretin-stabilizer (PDB 
ID: 2FLM).40 
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1.3 14-3-3 proteins 

Initially, the 14-3-3 protein was first described by Moore & Perez in 1967 as an acidic, abundant 

brain protein. The name is derived from its fraction number on DEAE-cellulose chromatography (14) 

and its migration position on the subsequent starch-gel electrophoresis (3-3).41 Over time 14-3-3 has 

been characterized as a group of multifunctional adaptor proteins that are involved in many cellular 

processes such as cell-cycle control, signal transduction, protein trafficking and apoptosis.42 14-3-3 

proteins are multifunctional, by binding to other proteins 14-3-3 can assist in e.g. protein folding, 

protein localization, and stimulate or inhibit other PPIs.43  

Seven different mammalian 14-3-3 isoforms are known (β, γ, σ, ζ, η, ε and τ), which are highly 

conserved across species.44 14-3-3 proteins mainly exist as dimers and each monomer consists of nine 

alpha helices forming an amphipathic binding groove (Figure 1.3 and 1.4). Interestingly, these binding 

grooves are highly conserved across the different isoforms, while there is more variation in the outside 

surface amino acid residues (Figure 1.3).45 Among the several hundred 14-3-3 interaction partners 

described so far, many are disease relevant proteins involved in key cellular processes like the Raf 

kinases,46,47 the cell-cycle phosphatase Cdc,48,49 the transcriptional modulator YAP,50,51 and the tumor 

suppressor p53.52,53 Most of the known 14-3-3 interaction partners bind via a phosphorylated binding 

motif in the 14-3-3 binding groove.54 An example is the proto-oncogene C-Raf of which the activity is 

tightly regulated by the binding of two phosphorylation sites (pS233 and pS259) in the N-terminal 

region of C-Raf to 14-3-3 (Figure 1.4).55 The X-ray crystal structure of this interaction shows how the 

two phosphorylated binding sites are located in the two binding grooves of one 14-3-3 dimer (Figure 

Figure 1.3 | Degree of residue conservation of the seven human 14-3-3 isoforms (β, γ, σ, ζ, η, ε and 

τ).45 The amino acid residues in the amphipathic binding groove are highly conserved (purple colored) 

across all isoforms, while the outside surface of the proteins contain more variable amino acid residues 

(cyan colored).  
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1.4A), while the connecting amino acid residues are not in intimate contact with 14-3-3, and are thus 

not visible in the X-ray crystal structure (Figure 1.4B). The phosphorylated serine residues are located 

in the basic pocket of 14-3-3 formed by arginine and lysine residues (Figure 1.4C). Historically, the 14-

3-3 binding sequences around the phosphorylated serine or threonine residue of 14-3-3 binding 

partners have been categorized in different motifs. Mode I and II interaction partners were defined to 

require an arginine residue at position -3 with respect to the phosphorylated serine or threonine 

Figure 1.4 | 14-3-3 structure and binding of partner protein peptides exemplified by the 14-3-3ζ/C-Raf 

complex. (A) The 14-3-3 protein (gray cartoon) is physiologically present as a dimer, with each 

monomer consisting out of nine alpha helices, which form a binding groove that can accommodate a 

phosphorylated peptide motif. In the case of C-Raf, two of these motifs, pS233 and pS259, are located 

in the N-terminal region of this protein kinase (purple sticks). (B) When synthesized as a doubly 

phosphorylated peptide (C-Raf_pS233pS259, purple sticks) and crystallized with the 14-3-3ζ dimer 

(gray surface), a significant proportion of the peptide does not engage in intimate contact with 14-3-3 

and is thus not visible in the X-ray crystal structure. (C) C-Raf_pS259 site accommodated in the groove 

of a 14-3-3ζ monomer, with a close-up of the basic pocket of 14-3-3 accommodating the phosphorylated 

serine residue (PDB ID: 4FJ3).88 
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residue, and a proline residue at position +2 (more specifically; (I) RSX(pS)XP or (II) 

RX(Y/F)X(pS)XP).54 Mode III motifs were later defined as C-terminal sequences, where the 

phosphorylated serine or threonine residue is the penultimate residue of the binding partner.56 

However, recent overviews of the known 14-3-3 interactome have illustrated that 14-3-3 binding motifs 

might deviate from these well-defined motifs.57,58 

14-3-3-binding sites lie within motifs that are phosphorylated by basophilic protein kinases such 

as protein kinase B (PKB or Akt), p90 ribosomal S6 kinase (p90RSK), protein kinase A (PKA), and 5’ 

AMP-activated protein kinase (AMPK).57 This means that 14-3-3-affinity capture and quantitative mass 

spectrometry procedures can be used to identify targets of regulation by insulin, growth factors, energy 

stress and adrenalin, which activate these respective kinases. In this way, new 14-3-3-based 

mechanisms have been identified to explain how insulin and growth factors regulate synchronized 

shifts in glucose uptake, glycolysis, mTORC1 signaling, protein translation, and other regulatory events 

that promote cell growth and proliferation59–61. Their roles as mediators of growth factor and nutrient 

signaling pathways is consistent with further findings that connect 14-3-3 proteins to a variety of human 

diseases. In addition to their participation in diverse cancers,42 they have been associated with the 

development of neurodegenerative diseases62 and virulence of human pathogenic organisms.63,64 

 

1.4 Multivalent 14-3-3 PPIs 

As dimeric species that dock onto pairs of specific phosphorylated serine or threonine-containing 

motifs, 14-3-3 proteins are endowed with special signaling, mechanical and evolutionary properties. 

While there are a few cases where a 14-3-3 dimer interacts simultaneously with phosphorylated sites in 

two different targets, in most documented cases a single 14-3-3 dimer binds to two phosphorylated sites 

that lie in tandem in the same target protein, like C-Raf. This means that a 14-3-3 dimer can act as a 

signaling integrator when two binding sites on a target are phosphorylated by different kinases. The 

mechanical effect of 14-3-3 will depend on the location of the two docking sites. For example, these 

paired sites may straddle a domain or motif whose function is masked by the 14-3-3, or 14-3-3 binding 

to a disordered region can force a disorder-to-order transition that creates a new functional site in the 

target.57,65 Furthermore, there are several 14-3-3 PPIs known where the protein has even more than two 

serine and/or threonine residues that can interact with 14-3-3 upon phosphorylation, often proximal 

within one intrinsically disordered domain. Examples are the Bcl-2-associated death promoter (BAD, 

three phosphorylated serine residues),66,67 tumor suppressor protein p53 (two phosphorylated serine 

residues and one phosphorylated threonine residue),52 leucine-rich repeat kinase 2 (LRRK2, six 
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phosphorylated serine residues),68,69 and cystic fibrosis transmembrane conductance regulator (CFTR, 

nine phosphorylated serine residues).70 

The biological role of these multiple 14-3-3 binding sites within one partner protein is 

underexplored. The simultaneous binding of two sites to one 14-3-3 protein can significantly increase 

the binding affinity between the proteins. However, the additional sites will not have a major impact 

on the binding affinity of the protein since the 14-3-3 protein itself has only two binding grooves. 

Therefore, it is important to realize that the different binding sites may have divergent biological 

functions upon phosphorylation and binding to 14-3-3. Perhaps the binding of 14-3-3 to one 

combination of binding sites masks an essential domain or motif in the binding partner, whereas the 

binding of another combination of binding sites exposes the defined section. Or conversely, in case 

where the 14-3-3 binding sites all serve a similar function but act as back-up for each other in case one 

site is eliminated due to point mutations or dephosphorylation. For the development of modulators 

for such multivalent 14-3-3 interactions it is important to consider the different possible binding sites 

and biological response upon modulation of a certain interaction.  

 

1.5 14-3-3 PPI modulators 

The ubiquity of 14-3-3 protein involvement in numerous human diseases has sparked interest in 

their use as novel targets for drug discovery.42,48,62,71 The fact that 14-3-3 proteins serve purely as adapter 

proteins means that active compounds cannot target 14-3-3 activity; drugs must target the complex 

formation between 14-3-3 and a protein partner, either by inhibition or stabilization.22  

1.5.1 Inhibition of 14-3-3 PPIs 

The first reported 14-3-3 PPI inhibitor, a 20-amino acid long peptide called R18, was identified 

from a phage display by the Fu Laboratory.72 In the 14-3-3 complex crystal structure, the central 

sequence (WLDLE) can be seen in the amphipathic binding groove of 14-3-3 (Figure 1.5A).73 This 

structure revealed that R18 both employs salt-bridge interactions between the carboxylic group of the 

glutamic acid side chain and the guanidinium groups of three arginine residues of 14-3-3, as well as an 

extensive hydrophobic contact surface between the two leucine residues of R18 and a number of 14-3-

3 amino acid residues. Thereafter more peptide based 14-3-3 PPI inhibitors have been developed. The 

groups of Ottmann and Grossmann showed that macrocyclic molecules derived from peptides 

containing 14-3-3 binding motifs can efficiently inhibit the interaction between 14-3-3 and their binding 

partners.74 Figure 1.5B shows the crystal structure of an Exoenzyme S (ExoS)-derived peptide, which 
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has been obtained by ring-closing alkyne metathesis.75 Another way of synthetically adjusting peptides 

for 14-3-3 PPI inhibition has been demonstrated by the groups of Ottmann and Landrieu who designed 

a potent inhibitor of the 14-3-3/Tau interaction by extending its C-terminus with a hydrophobic group 

which would target the highly conserved hydrophobic pocket within the amphiphilic groove of 14-3-3 

leading to modified Tau-peptide hybrid 3b (Figure 1.5C).76 

Figure 1.5 | Examples of the different classes of 14-3-3 PPI inhibitors. (A) Crystal structure of peptide 

R18 (orange sticks) in the 14-3-3ζ binding groove (white surface) (PDB ID: 1A38).73 (B) Crystal structure 

of ExoS derived alkyne-cross link cyclic peptide H (pink sticks) in the 14-3-3ζ binding groove (white 

surface) (PDB ID: 5J31).75 (C) Crystal structure of modified Tau-peptide hybrid 3b (purple sticks) in the 

14-3-3σ binding groove (white surface) (PDB ID: 5HF3).76 (D) Crystal structure of phosphonate 

inhibitor B2 (cyan sticks) in the 14-3-3σ binding groove (white surface) (PDB ID: 4DHT).77 (E) Crystal 

structure of the molecular tweezer (yellow sticks) binding to K214 of 14-3-3σ (white surface) (PDB ID: 

4HQW).89 
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Over the years, also non-peptidic 14-3-3 PPI inhibitors have been developed. Most of these 

molecules mimic the phosphorylated serine residue by binding in the basic arginine pocket of the 14-

3-3 binding groove. An example of this is phosphonate B2, which was found by virtual docking and 

follow-up analysis, synthesis and co-crystallization by the group of Thiel et al. (Figure 1.5D).77 The group 

of Botta reported the identification of non-phosphonate small-molecule inhibitors of 14-3-3 PPIs by 

combining structure-based pharmacophore modelling, virtual screening and molecular docking 

simulations with library design and organic synthesis. They showed that, for example, hit molecule 

BV101 promotes c-Abl nuclear translocation in Ba/F3 cells expressing the wild type and the Imatinib-

resistant T315I mutated Bcr-Abl constructs.78 Up to now, the only 14-3-3 PPI inhibitor published that 

does not bind in the 14-3-3 binding groove, is the molecular tweezer (Figure 1.5E). Bier et al. showed 

that this molecule binds around amino acid residue K214 which is positioned at the edge of the 

amphipathic binding groove of 14-3-3σ. By binding to this position, it can inhibit the binding of 

phosphorylated C-Raf and unphosphorylated ExoS to 14-3-3σ.   

1.5.2 Stabilization of 14-3-3 PPIs 

Through the years, fewer stabilizers than inhibitors of 14-3-3 PPIs have been published. The 

biggest group of 14-3-3 PPI stabilizers are the fusicoccanes. Fusicoccin A (FC-A) is a diterpene glycoside 

produced by the phytopathogenic fungus Phomopsis amygdali (formerly Fusicoccum amygdali) and 

was initially described in the mid-1960s to be a wilt-inducing toxin.79 It was, however, not until 1994 

that the molecular target was identified as the binary complex between the regulatory domain of the 

plasma membrane H+-ATPase 2 (PMA2) and 14-3-3 adapter proteins, which FC-A stabilizes by acting 

like a ‘molecular glue’.80 Since then, FC-A, related natural (Cotylenin A), and semi-synthetic 

fusicoccane analogues (e.g. Fusicoccin tetrahydrofuran (FC-THF) and ISIR-005) have proved to be 

valuable tool compounds to study the ‘molecular-glue’ model for stabilizing 14-3-3 binary structures 

(Figure 1.6A). 

Although FC-A was first found to stabilize the interaction between PMA2 and plant 14-3-3 (Figure 

1.6B), the molecule has since been shown to stabilize 14-3-3 complexation with a number of 

medicinally-relevant partner proteins in humans. For example, FC-A promotes platelet adhesion to 

von-Willebrand factor by stabilizing the 14-3-3 interaction with the C-terminus of the human protein 

glycoprotein (GP)Ibα.81 FC-A also stabilizes the 14-3-3 interaction with the C-terminus of the F-domain 

of the estrogen receptor α (ERα), and thus inhibit ERα-dependent transcription.82 However, FC-A 

stabilization is not limited to 14-3-3 partners bearing C-terminal (or ‘mode III’) 14-3-3 binding motifs. 
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Although the physiological potency is relatively weak, this thesis will show that FC-A is able to stabilize 

the 14-3-3 interaction with the CFTR protein.83 

The 5-8-5-fused ring system of the fusicoccane scaffold is highly complex and thus investigating 

structural variation in the search for selectivity or enhanced potency is challenging. Nevertheless, 

structure-based design and semi-synthesis have enabled the discovery of potent analogues. For 

example, the semi-synthetic derivative FC-THF was designed as a ‘mode III’ specific stabilizer and 

inferred a 20-fold stabilization of the interaction between 14-3-3 and the potassium channel TASK3 

(Figure 1.6C).84 

In 2010 the results of the first high-throughput screening (HTS) for 14-3-3 PPI stabilizers were 

published.85 Out of a library of 37,000 small molecules two compounds were found by a surface-based 

format monitoring the binding of green fluorescent protein (GFP)-14-3-3 to surface immobilized C-

Figure 1.6 | Fusicoccane analogues, natural (fusicoccin A (FC-A) and Cotylenin A (CN-A)) or 

semisynthetic (fusicoccin tetrahydrofuran (FC-THF) and ISIR-005) that act as a ‘molecular glue’ model 

for stabilizing 14-3-3 binary structures. (A) Chemical structure of FC-A, CN-A, FC-THF, and ISIR-005. 

(B) Natural compound FC-A stabilizing the 14-3-3/PMA2 interaction (PDB ID: 1O9E).90 (C) 

Semisynthetic FC-THF stabilizing the 14-3-3/TASK2 interaction (PDB ID: 3SMN).84 
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terminus of PMA2 (CT52): Epibestatin and Pyrrolidone1 (Figure 1.7). The crystal structures of these 

two compounds in complex with PMA2 and the tobacco 14-3-3e isoform (T14-3e) revealed two 

distinctive binding pockets in the T14-3e/PMA2 protein-protein interface. Two years later an 

optimization of the stabilizing activity of Pyrrolidone1 was published, Pyrazole37, in which the 

pyrrolinone scaffold has been converted into a more rigid pyrazole ring (Figure 1.7A).86 

The great number and nearly identical binding modes of 14-3-3 PPI partners makes it difficult for 

small-molecule modulation to achieve specificity for one partner over the others. This is most strikingly 

illustrated by 14-3-3 PPI inhibitors, where binding of a competing molecule in the 14-3-3 binding groove 

will cause inhibition of binding of most other 14-3-3 binding partners, potentially leading to many side 

effects. The general approach of stabilization of 14-3-3 PPIs is hypothesized to result in great benefits 

over inhibition, which has already been illustrated by several examples that identified the small 

molecule to make contacts with both 14-3-3 and the PPI partner, acting as a molecular glue and thereby 

providing handles for selectivity. The semi-synthesis of the fusicoccane family provides a valuable case 

study for selectivity in the 14-3-3 PPI stabilization; the hydroxylation of C12 obtains a preference of 

stabilization for C-terminal ‘mode III’ binders over ‘mode I/II’ binders. Also molecules like Pyrazole37 

Figure 1.7 | Pyrrolidone1 and derivative Pyrazole37 stabilize the interaction between tobacco 14-3-3e 

isoform (T14-3e) and plasma membrane H+-ATPase 2 (PMA2). (A) Chemical structures of 

Pyrrolidone1 and Pyrazole37. (B) Pyrrolidone1 (yellow spheres) in the binding groove of T14-3e (green 

surface) having contact with PMA2 CT30 (blue surface). (C) Close-up of the T14-

3e/PMA2/Pyrrolidone1 (green surface/blue surface/yellow sticks) interaction showing the electron 

density of Pyrrolidone1 (gray mesh, 2FO-FC, contoured at 1.0 σ) (PDB ID: 3M51).85 No crystal structure 

is available of the T14-3e/PMA2/Pyrazole37 complex. 
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could be a good starting point to get selectivity for some 14-3-3 PPI partners over others, by expanding 

the molecule and gaining more contact with the 14-3-3 binding partner. To reach the full potential in 

the field of 14-3-3 PPI modulation, areas outside of the 14-3-3 binding groove should be explored more 

extensively, by using a combination of high-throughput screening, fragment-based approaches, and 

rational design. When we succeed in this, small-molecule modulation of 14-3-3 PPIs will become a 

viable option in drug discovery. 

 

1.6 Aim and outline of this thesis 

This introductory chapter shows that PPIs are important in many biological processes and 

diseases, and to understand the biological role of a protein it is important to understand and 

manipulate its underlying PPI network. Additionally, by inhibiting or stabilizing certain PPIs with 

small molecules, we can interfere in signaling pathways which are important in diseases and open up 

new possible therapeutic approaches in drug discovery. With several hundred identified protein 

interaction partners, the 14-3-3 protein family is an interesting case to study small-molecule PPI 

modulation. This thesis focuses on a specific class of 14-3-3 PPI partners: proteins that have multiple 

serine and/or threonine residues that can interact with 14-3-3 upon phosphorylation. By investigating 

examples of these interactions, this thesis attempts to unravel the function of multivalency in these 

interesting 14-3-3 PPIs and discover the opportunities and challenges to modulating multivalent 14-3-

3 PPIs.  

As case studies, two 14-3-3 PPI partners that have multiple 14-3-3 binding sites, but are also of high 

clinical relevance, are studied. Chapter 2 focuses on the interaction between 14-3-3 and CFTR. The 

binding of the 14-3-3 protein to the CFTR regulatory (R) domain has been found to enhance CFTR 

trafficking to the plasma membrane, which is disturbed in most cases of the fatal disease cystic fibrosis 

(CF). Stabilization of this interaction with a small molecule could be a new approach for CF 

therapeutics. However, the CFTR R-domain contains nine sites that upon phosphorylation could 

potentially bind to 14-3-3. This chapter contains a detailed characterization of the 14-3-3/CFTR 

interaction and shows the druggability of the PPI by selectively modifying one of the weaker binding 

sites.  

Chapter 3 presents the study of the 14-3-3 interaction with LRRK2. Binding of 14-3-3 to LRRK2 is 

known to be impaired by a number of Parkinson’s disease (PD) relevant mutations. Abrogation of this 

interaction is connected to enhanced LRRK2 kinase activity which in turn is implicated in increased 
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ubiquitination of LRRK2, accumulation of LRRK2 into inclusion bodies, and reduction of neurite 

length. Interestingly, the LRRK2 protein possesses five proximal 14-3-3 binding sites located in a 

disordered region, and one additional site located in a different domain in the protein. This chapter 

characterizes the multivalent interaction between these two proteins, and presents a potential 

druggable pocket for PPI stabilization. 

In chapter 4 the data of the previous two chapters are reevaluated to analyze the thermodynamics 

of multivalent 14-3-3 PPIs in more detail. Hereby, the aim is to assess enthalpy and entropy 

contributions and possible enthalpy-entropy compensation effects. Additionally, the multivalency is 

analyzed by calculating the effective molarity of neighboring 14-3-3 binding sites and comparing these 

with the molecular structure. This provides new insights into the biological role of the disordered 

protein domains of CFTR, LRRK2, and similar proteins in their interaction with 14-3-3. 

Because stabilization of the 14-3-3/CFTR interaction with a small molecule has shown to be a 

promising new therapeutic approach for CF therapeutics in chapter 2, the possibilities for modulation 

of this interaction are explored more extensively in chapter 5. By a combination of HTS and rational 

design, multiple stabilizers were found for the interaction between 14-3-3 and CFTR. The chapter 

reports the screening of compounds and gives a detailed characterization of the discovered hit 

compounds. Additionally, the influence of these stabilizers on cellular CFTR expression is 

investigated.  

The epilogue looks forward and describes the opportunities to expand the work described in this 

thesis. It illustrates how the new insights in multivalent 14-3-3 PPIs can be used in future research in 

the characterization of 14-3-3 binding sites and overall 14-3-3 biology. Additionally, the epilogue 

elaborates on what efforts should be made to develop 14-3-3 PPI modulators, which could be potent for 

therapeutic approaches, and suggests how the found 14-3-3/CFTR stabilizers can be used in CF drug 

discovery.  
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Chapter 2 

Characterization and Stabilization of the Interaction between 14-3-3 and CFTR 

 

 

Abstract 

Cystic fibrosis (CF) is a fatal genetic disease, most frequently caused by the retention of the cystic 

fibrosis transmembrane conductance regulator (CFTR) mutant protein in the endoplasmic reticulum. 

The binding of the 14-3-3 protein to the CFTR regulatory (R) domain has been found to enhance CFTR 

trafficking to the plasma membrane. To define the mechanism of action of this protein-protein 

interaction, the interaction is investigated in vitro. The disordered multi-phosphorylated R-domain 

contains nine different 14-3-3 binding motifs. Furthermore, the 14-3-3 protein forms a dimer 

containing two amphipathic grooves that can potentially bind these phosphorylated motifs. This results 

in a number of possible binding constellations between these two proteins. Using multiple 

biochemical assays and crystal structures, it is shown that the interaction between the proteins is 

governed by two binding sites: the key binding site of CFTR (pS768) occupies one groove of the 14-3-3 

dimer, and a weaker, secondary binding site occupies the other binding groove. Additionally, this work 

shows that Fusicoccin A, a natural-product tool compound used in studies of 14-3-3 biology, can 

stabilize the interaction between 14-3-3 and CFTR by selectively interacting with a secondary binding 

motif of CFTR (pS753). The stabilization of this interaction stimulates the trafficking of mutant CFTR 

trafficking to the plasma membrane. This proof-of-principle of druggability of the 14-3-3/CFTR 

interface offers a new approach for CF therapeutics. 
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2.1 Introduction 

Cystic fibrosis (CF) is the most common life-threatening recessive genetic disease in the Caucasian 

population.1 Due to mutations in the gene coding for the cystic fibrosis transmembrane conductance 

regulator (CFTR), the expression of the CFTR protein in epithelial cells is disturbed. This results in 

dysfunctional anion transport (primarily chloride2 and bicarbonate3 anions) across the plasma 

membrane. The lack of a proper anion flow in epithelial cells causes complications in a variety of 

organs in the human body, including chronic airway infection and obstruction, pancreatic 

insufficiency, and intestinal obstruction.4 Although advances in diagnosis and therapies have 

significantly improved the life quality and life expectancy of CF patients, the median life expectancy in 

the USA is still below 40 years (38.7 for males and 36.0 for females).5 

More than 1900 different CFTR mutations that lead to CF have been identified.6 These mutations 

are divided in different classes according the mechanism by which they disrupt the CFTR expression.7 

Most patients suffer from a class II mutation, including F508del (approximately 70% of the CF alleles 

in patients in Europe, North America and Australia).8 In cells containing these class II mutations, 

transcription and translation of the CFTR protein is successful, but the protein is only partly 

glycosylated, misfolded, and retained in the endoplasmic reticulum (ER).9 The immature protein is 

recognized by CHIP/Hsc70 co-chaperones, which results in the retrotranslocation from the ER and 

the degradation of the CFTR protein by the ubiquitin-proteasomal pathway.10 Nevertheless, when the 

mutated CFTR is stimulated to be transported to the plasma membrane, e.g. by reducing the 

temperature of the cell, its chloride secretion is often still partially functional.11  

Earlier research has shown that 14-3-3 proteins play an important role in the biogenesis of the 

CFTR protein.12,13 14-3-3 isoforms β, γ, and ε showed to be present in human bronchial epithelial cells, 

whereas other isoforms (ζ, η, σ, and τ) showed to be weak or absent. Additionally, phosphorylation-

dependent binding of 14-3-3β and 14-3-3ε to the regulatory (R) domain of CFTR has shown to increase 

the CFTR level in the plasma membrane significantly.13 As an explanation, 14-3-3 is considered to 

reduce the CFTR retrieval to the ER by masking the ER retention signal, and assisting folding and 

maturation of the protein.14,15 Liu et al. recently published a cryo-electron microscopy structure of the 

human CFTR protein showing that the unphosphorylated R-domain is docked inside the intracellular 

vestibule, precluding channel opening (Figure 2.1).16 Protein kinase A (PKA) phosphorylation of the 

protein stimulates CFTR channel gating and ATPase Activity.16 It can be imagined that binding of 14-

3-3 to the phosphorylated R-domain prevents dephosphorylation of the R-domain, blocking of CFTR 
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channel, and assists folding of the protein. The positive 

effect of 14-3-3 binding to the CFTR R-domain on CFTR 

expression and function makes this a highly interesting 

protein-protein interaction (PPI). 

The intrinsically disordered R-domain of the CFTR 

protein contains nine different motifs which could, upon 

phosphorylation, bind to 14-3-3.13,17 Additionally, 14-3-3 

proteins naturally form dimers, which contain two 

amphipathic binding grooves close together that can 

simultaneously bind to one or more binding partners18,19. 

The numerous binding possibilities that arise hereby 

make the interaction between 14-3-3 and CFTR an 

exceptionally complex 14-3-3 PPI. To solve the question 

how this interaction actually occurs, Liang et al.13 

estimated the occupancy of the bound state of these 

different binding motifs to 14-3-3β. Furthermore, Bozoky 

et al.20 constructed several models for this interaction 

based on the chemical shift of the R-domain upon binding 

to 14-3-3. However, only minimal quantitative data on the 

binding interaction of these nine different motifs has been 

published yet, and the role of the multivalency of the 

interaction is still unclear. 

The increased trafficking to the plasma membrane of CFTR by binding to 14-3-3 might offer a new 

therapeutic approach for the treatment of CF. Stabilization of the interaction between 14-3-3 and the 

mutated CFTR with a small molecule could improve the trafficking of CFTR to the cell surface and 

hence increase the chloride transport over the plasma membrane (Figure 2.2). The design of such 

therapeutically useful stabilizing molecules can be facilitated by the structure of the 14-3-3/CFTR 

interaction. In this chapter, this complex but important PPI is disentangled on a chemical biology and 

structural biology basis. Furthermore, the 14-3-3 tool compound Fusicoccin A (FC-A) is used for small-

molecule stabilization of the 14-3-3/CFTR interaction, which can form the basis for the design of novel 

therapeutics for CF. 

 

Figure 2.1 | The ribbon diagram of the 

different domains of the human CFTR 

protein in the dephosphorylated 

conformation published by Liu et al.16 

The electron microscopy densities 

shown in red correspond to 

unstructured region within the R-

domain. Regions not resolved in the 

structure are shown as dashed lines. 
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2.2 Results 

2.2.1 Binding affinities of the interaction between CFTR peptides and 14-3-3 

To resolve the binding mechanism between the intrinsically disordered CFTR R-domain and the 

14-3-3 protein, first the individual binding motifs in de R-domain were investigated. Peptides 

corresponding to the nine possible 14-3-3 binding motifs, with the phosphorylated serine residue in 

the center surrounded by six amino acid residues of the natural sequence at each side, were synthesized 

(Figure 2.3A and B). After N-terminal labeling with fluorescein isothiocyanate (FITC), a fluorescence 

polarization (FP) assay was performed to measure the binding of these peptide probes to 14-3-3β. 

Remarkably, none of the nine peptides had a strong enough binding affinity for 14-3-3 to allow full 

determination of the association constants (Figure 2.4A). However, the assay showed that the 

CFTR_pS768 peptide displayed the highest binding affinity for 14-3-3β of all nine peptides. 

Figure 2.2 | Cartoon view of a cell expressing F508del-CFTR. Stabilization of the interaction between 
14-3-3 and CFTR stimulates the trafficking of mutated CFTR to the plasma membrane.  
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Since a 14-3-3 dimer contains two binding grooves that can simultaneously bind a protein partner, 

CFTR peptides were synthesized containing two phosphorylated serine residues. These peptides were 

designed to each have two adjacent binding motifs, including the complete interconnecting peptide 

sequences, plus six N- and six C-terminal amino acid residues (Figure 2.3C). The peptides were again 

N-terminally labeled with FITC and an FP assay showed that most of them had a significantly stronger, 

in the low micro molar range, affinity for 14-3-3β than the singly phosphorylated peptides (Figure 2.4B). 

The strongest binder in this assay is CFTR_pS768pS795 followed by CFTR_pS753pS768. 

Interestingly, both of these peptides contain the pS768 binding motif which by itself showed the 

strongest individual binding for 14-3-3β. However, also peptides not containing the pS768 binding 

motif showed a stronger affinity for 14-3-3β, especially CFTR_pS795pS813.  

Figure 2.3 | A schematic overview of the CFTR protein domains: two transmembrane domains (TMD1 

and TMD2), two nucleotide binding domains (NBD1 and NBD2), and a close-up of the intrinsically 

disordered regulatory (R) domain. (A) The location of the nine phosphorylated 14-3-3 binding sites in 

the intrinsically disordered R-domain of CFTR. (B) The amino acid sequence of the nine 

phosphorylated 14-3-3 binding sites in the CFTR R-domain. (C) The amino acid sequence of the doubly 

phosphorylated peptides used for this research, representing segments of the CFTR R-domain. 
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During these experiments one of the two physiologically most relevant isoforms 14-3-3β was used. 

However, to complete the story, the other six isoforms were also tested for their ability to bind to the 

CFTR R-domain peptides. FP assays of the eight doubly phosphorylated peptides were tested with all 

seven isoforms. The results showed that in all cases 14-3-3γ binds the strongest, and is followed up by 

η, β, ζ, ε, τ, and σ, respectively (Figure 2.5). This experiment also showed that CFTR_pS753pS768 and 

CFTR_pS768pS795 have the strongest binding for all seven 14-3-3 isoforms.  

Figure 2.4 | Binding between peptides representing segments of the CFTR R-domain and 14-3-3β. (A) 

Fluorescence polarization (FP) assay of nine singly phosphorylated fluorescein isothiocyanate (FITC)-

labeled peptides (sequences depicted in Figure 2.2B) with 14-3-3β. Background polarization was 

subtracted from all values. Mean of three experiments, standard deviation (SD) error bars are smaller 

than data point symbols. *CFTR_pS753 had five additional C-terminal amino acid residues, based on the 

natural sequence, to improve solubility. (B) FP assay of eight doubly phosphorylated FITC-labeled 

peptides representing segments of the CFTR R-domain (sequences depicted in Figure 2.2C). 

Background polarization was subtracted from all values. Mean of three experiments, SD error bars are 

smaller than the data point symbols. (C-D-E) Isothermal titration calorimetry (ITC) results of binding 

of CFTR_pS753pS768, CFTR_pS768pS795, and CFTR_pS795pS813 to 14-3-3β. 
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Isothermal titration calorimetry (ITC) measurements of the three strongest binding peptides 

showed the same trend in binding to 14-3-3β as the FP assay. The binding affinities of 

CFTR_pS753pS768, CFTR_pS768pS795, and CFTR_pS795pS813 for 14-3-3β were 66.7 µM, 20.4 µM, 

and 330 µM, respectively (Figure 2.4C-E). Additionally, the ITC measurements show in all cases a 

stoichiometry of the CFTR peptide versus 14-3-3 monomer to be close to 0.5. This suggests that one 

peptide containing two phosphorylated binding motifs is binding to one 14-3-3 dimer.  

Figure 2.5 | FP assay of the interaction between the eight doubly phosphorylated peptides of the CFTR 

R-domain (Figure 2.2C) and seven different 14-3-3 isoforms. The Kd value is calculated of the two 

strongest binding peptides (CFTR_pS753pS768 and CFTR_pS768pS795). Background polarization 

was subtracted from all values. Mean of three experiments, the SD error bars are smaller than the data 

point symbols. 



Chapter 2 

- 28 - 
 

The intrinsically disordered nature of the CFTR R-domain could potentially also allow the R-

domain to bind with two non-adjacent binding motifs to one 14-3-3 dimer. Therefore, peptide probes 

featuring two non-adjacent binding motifs, the pS768 motif and a more distant motif (pS712 or pS813), 

were synthesized. These two motifs were connected by a glycine linker to reduce the peptide length 

and overcome synthesis problems, while mimicking the flexibility of the R-domain 

(CFTR_pS712pS768 and CFTR_pS768pS813, Figure 2.6A). ITC measurements of these two peptides 

showed binding to 14-3-3β comparable to CFTR_pS753pS768 and CFTR_pS768pS795 featuring 

adjacent binding motifs (Figure 2.6B-C and 2.4C-D).  

  

Figure 2.6 | ITC results of de binding between doubly phosphorylated peptides representing non-

adjacent binding motifs, connected via a glycine linker, and 14-3-3β. (A) The amino acid sequence of 

the peptides. (B-C) ITC results of binding of CFTR_pS712pS768, and CFTR_pS768pS813 to 14-3-3β. 
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2.2.2 Crystal structures of CFTR peptides in complex with 14-3-3 

The doubly phosphorylated peptide CFTR_pS753pS768 was co-crystallized with 14-3-3ζ and the 

protein complex structure was solved to a resolution of 2.1Å (protein data bank (PDB) ID: 5D2D) 

(Figure 2.7). Interpretable density for 19 out of 28 amino acid residues of the CFTR_pS753pS768 

peptide (R751 to G758 and R764 to T774) was found (Figure 2.7A-B). The protein structure shows that 

both phosphorylated binding motifs of the peptide are binding simultaneously to one 14-3-3 dimer. 

The pS768 site is located in the binding groove of 14-3-3 monomer A, and the pS753 site is located in 

14-3-3 monomer B (Figure 2.7A-B). The five residues of the flexible, connecting linker are not visible 

in the electron density. The phosphorylated serine residues are located in the basic pocket of 14-3-3, 

composed of R56 and R127, consistent with earlier published structures of co-crystalized 

phosphorylated peptides with 14-3-3 (Figure 2.7C-E).21–23 Figure 2.7E shows more details of the 

interaction between monomer A and the pS768 binding site. The polar contacts are visualized by 

dashed lines and are more relevant for the binding of the N-terminal part of the binding site, while 

hydrophobic interactions, depicted as semi-transparent spheres, are more relevant for accommodation 

of the C-terminal half of CFTR pS768. The most prominent interaction is the basic pocket in 14-3-3 

composed of R56 and R127 binding pS768, stabilized by polar contacts with Y128. Further on, polar 

contacts can be seen of R766 and R765 of CFTR_pS753pS768 with E180 and E131 of 14-3-3 (directly or 

via a water molecule). These interactions are generally responsible for the ‘mode I/II’ binding of 14-3-

3. Additionally, L770 and L772 form important hydrophobic interactions with V46 and F117 of 14-3-3. 

The distance between G758 and R764 (31.5 Å) is too large to be bridged by the five amino acid residues 

connecting these two amino acids. However, this can be explained by the packing of the 

CFTR_pS753pS768/14-3-3ζ crystal (Figure 2.8). The position of the symmetry elements shows tetramer 

formation of the 14-3-3 proteins. The distance between the C-terminus of the pS753 binding site and 

the N-terminus of the pS768 binding site is 15.3Å, which is short enough to be bridged by 5 amino acid 

residues. Additional experiments which analyze the complex formation of 14-3-3β with the 

CFTR_pS753pS768 peptide in solution did not show a significant difference in size (size exclusion 

chromatography, dynamic light scattering, and glutaraldehyde protein crosslinking, Figure 2.9A-C) or 

shape (small-angle X-ray scattering, Figure 2.9D) of the 14-3-3β dimer upon addition of the peptide. 

This suggests that the tetramer formation is a crystallization effect which does not exist in solution.  
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Figure 2.7 | Crystal structure of the CFTR_pS753pS768 peptide bound to a 14-3-3ζ dimer. (A) Cartoon 

plot with semi-transparent surface of the 14-3-3ζ dimer (green) complexed with the pS768 and pS753 

binding sites of the CFTR peptide (yellow rods). (B) Top view of pS768 and pS753 binding sites (yellow 

rods) into the 14-3-3ζ binding grooves (green semi-transparent surface). Yellow dashed line shows 

connective amino acid residues between the binding sites. (C-D) Close-up of the binding grooves of 

monomer A and B (green surface) containing the CFTR peptide binding sites (yellow rods). Final 2FO 

– FC electron density map of the peptide is shown (blue mesh, contoured at 1σ). (E) Polar contacts 

(black dashed lines) and hydrophobic interactions (semi-transparent spheres) between the residues of 

14-3-3ζ monomer A (green rods and semi-transparent cartoon) and the pS768 binding site of the CFTR 

peptide (yellow rods). Water molecules are shown as red spheres. (Protein data bank (PDB) ID: 5D2D) 
See Table 2.1 in the experimental section for data collection and refinement details.  
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Figure 2.8 | The crystal packing of the CFTR_pS753pS768/14-3-3ζ crystal structure. Two 14-3-33ζ 
dimers are visible in green semi-transparent surfaces. Two CFTR_pS753pS768 peptides are shown in 

yellow rods. The yellow dashed line shows the distance between the two binding sites.  

Figure 2.9 | Addition of CFTR_pS753pS768 to 14-3-3ζ does not induce 14-3-3 tetramer formation in 

solution. (A) Size exclusion chromatography of 14-3-3ζ (187 μM) with different ratios of peptide. (B) 

Dynamic light scattering of 14-3-3ζ (240 μM) with and without peptide. (C) SDS-PAGE gel of 

glutaraldehyde crosslinked 14-3-3ζ (400 μM) with different ratios of peptide. (D) Small-angle X-ray 

scattering of 14-3-3ζ (187 μM) with and without peptide. Ratio (in M) = peptide : 14-3-3 dimer. 
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The doubly phosphorylated peptide CFTR_pS768pS795 was co-crystallized with 14-3-3γ. This 

protein complex structure was solved to a resolution of 2.75Å (PDB ID: 5D3E) (Figure 2.10). Here, 

interpretable density was found for 11 out of 40 amino acid residues of the CFTR peptide (R766 to 

L770 and K793 to P798) (Figure 2.10B). The structure of 14-3-3γ/CFTR_pS768pS795 shows that, like 

the CFTR_pS753pS768 structure, both phosphorylated binding motifs of the peptide are binding 

simultaneously to the 14-3-3 dimer: pS768 is located in the binding groove of 14-3-3 monomer A, and 

pS795 is located in monomer B (Figure 2.10A). Additionally, both phosphorylated serine residues are 

located in the similar binding pocket.  

 

 

 

Figure 2.10 | Crystal structure of the CFTR_pS768-pS795 peptide bound to a 14-3-3γ dimer. (A) 
Cartoon plot with semi-transparent surface of the 14-3-3γ dimer (green) complexed with the pS768 and 
pS795 binding sites of the CFTR peptide (yellow rods). (B) Top view of pS768 and pS795 binding sites 
(yellow rods) into the 14-3-3γ binding grooves (green semi-transparent surface). Yellow dashed line 
shows connective amino acid residues between the binding sites. (C-D) Close-up of the binding 
grooves of monomer A and B (green surface) containing the CFTR_pS768pS795 binding sites (yellow 
rods). Final 2FO – FC electron density map of the peptide is shown (blue mesh, contoured at 1σ). (PDB 
ID: 5D3E) See Table 2.1 in the experimental section for data collection and refinement details.  
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2.2.3 Stabilization of the 14-3-3/CFTR interaction with Fusicoccin A (FC-A) 

Several PPIs involving 14-3-3 proteins have been shown to be stabilized by small molecules.24–26 

To examine the possibility of stabilizing the 14-3-3/CFTR interaction, a number of these known 14-3-3 

stabilizers were tested on this interaction. The presence of 100 μM FC-A in the FP assay stabilizes the 

binding of CFTR_pS753pS768 to 14-3-3β, increasing the apparent affinity by a factor of 4.0, from a Kd 

value of 15.9 μM to a Kd value of 3.98 μM (Figure 2.11A). ITC measurements confirm this with an 

increased binding affinity of CFTR_pS753pS768 to 14-3-3β in the presence of 200 μM FC-A from a Kd 

value of 66.7 μM to a Kd value of 7.35 μM (9.1 times) (Figure 2.11B-C). In contrast, addition of FC-A 

Figure 2.11 | Stabilization of the interaction between 14-3-3 and CFTR_pS753pS768 by FC-A. (A) FP 
assay of FITC-labeled CFTR_pS753pS768 and CFTR_pS768pS795 with 14-3-3β, 14-3-3ε, and 14-3-3ζ, in 
the absence (black) or presence (purple) of 100 μM Fusicoccin A (FC-A). Background polarization was 
subtracted from all values. Mean of three experiments, SD error bars are smaller than the data point 
symbols. (B) ITC results of the binding of CFTR_pS753pS768 and CFTR_pS768pS795 to 14-3-3β, in 
the presence of 200 μM FC-A. (C) Comparison of the Kd value of the interactions between 
CTFR_pS753pS768 or CFTR_pS768pS795, and 14-3-3β, in the absence or presence of 200 μM FC-A, 
measured by ITC. The CFTR_pS753pS768/14-3-3β interaction is stabilized by a factor of 9.1, while 
CFTR_pS768pS795/14-3-3β is stabilized by a factor of 1.7.  
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Figure 2.12 | Stabilization by FC-A of all singly and doubly phosphorylated CFTR peptides. FP assay 
of the interaction between 14-3-3β with singly phosphorylated (A) and doubly phosphorylated (B) 
peptides representing segments of the CFTR R-domain, in the absence (black) or presence (purple) 
of 100 μM FC-A. Background polarization was subtracted from all values. Mean of three 
experiments, SD error bars are smaller than the data point symbols. 
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does not result in a significant increase of affinity for the 14-3-3/CFTR_pS768pS795 interaction (Figure 

2.11A-C). FP assays of CFTR_pS753pS768 with both physiologically relevant 14-3-3 isoforms β and ε, 

and 14-3-3ζ (which is used in the following crystal soaking experiment) shows that FC-A increases the 

binding affinity of CFTR_pS753pS768 for all three 14-3-3 isoforms (Figure 2.11A). The FP assay of all 

singly phosphorylated peptides with 14-3-3β in the presence and absence of 100 µM FC-A (Figure 

2.12A) show that these interactions do not get stabilized significantly under these conditions. Of the 

doubly phosphorylated peptides (Figure 2.12B), peptides CFTR_pS660pS670, CFTR_pS700pS712, 

and, as showed above, CFTR_pS753pS768 are stabilized by 100 µM FC-A. Also CFTR_pS712pS737 and 

CFTR_pS737pS753 show some increase in affinity in the presence of 100 µM FC-A, although in lesser 

extent.  

To determine the structural basis for the observed stabilization of the 14-3-3/CFTR_pS753pS768 

complex by FC-A, the compound was soaked into the crystals described above. The structure could be 

solved to a resolution of 2.74Å (PDB ID: 5D3F) (Figure 2.13). Interpretable density was found for 18 

out of 28 amino acid residues of the CFTR_pS753pS768 peptide (R750 to L756 and K764 to P774) 

(Figure 2.13A), with FC-A present in one binding groove of the 14-3-3 dimer (Figure 2.13A). The 

difference density map directly calculated after molecular replacement with only 14-3-3 and the 

CFTR_pS753pS768 peptide as model, but excluding FC-A, showed unambiguous, unbiased density 

for FC-A in 14-3-3 monomer B containing the pS753 binding motif, but not in 14-3-3 monomer A 

containing the pS768 binding motif. Compared to the structure of the binary complex, the pS753 

binding motif undergoes a slight conformational adaptation allowing the FC-A molecule to bind 

between the 14-3-3 protein and the CFTR peptide (Figure 2.7D and 2.13C). Although there are some 

polar contacts between FC-A and 14-3-3 residues (N42, K122, and D215), no polar contacts are found 

between FC-A in the pS753 binding motif of the CFTR peptide. The interaction between 14-3-3, FC-A 

and the peptide is mostly based on hydrophobic contacts. In essence, 14-3-3 and the peptide jointly 

form a hydrophobic pocket that accommodates the mostly hydrophobic FC-A molecule (Figure 2.13D).  
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Figure 2.13 | Crystal structure of 14-3-3 and CFTR_pS753pS768 in complex with FC-A. (A) A top view 

of the crystal structure of the CFTR_pS753pS768 peptide (yellow rods) bound to a 14-3-3ζ dimer (green 

semi-transparent surface), soaked with FC-A (purple spheres). The yellow dashed line shows 

connective amino acid residues between the binding sites. (B) Chemical structure of FC-A. (C) Close-

up of the 14-3-3 monomer B binding groove (green surface) containing the pS753 binding site of the 

CFTR peptide (yellow rods) and FC-A (purple rods). Final 2FO – FC electron density map of FC-A is 

shown (blue mesh, contoured at 1σ). (D) Polar contacts (black dashed lines) and hydrophobic 

interactions (green and yellow semi-transparent surfaces) between the residues of 14-3-3ζ monomer B 

(green cartoon and rods with semi-transparent grey/green surface), the pS753 binding site of the CFTR 

peptide (yellow rods with semi-transparent grey/yellow surface), and FC-A (purple rods). (PDB ID: 

5D3F) See Table 2.1 for data collection and refinement details.  
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2.2.4 The influence of FC-A on the trafficking of F508del-CFTR 

To examine the effects of FC-A on the trafficking of F508del-CFTR in the cell, baby hamster kidney 

(BHK) cells expressing 3HA-tagged F508del-CFTR were treated for 24 hours with different 

concentrations of FC-A. After fixation of the cells, the combination of mouse monoclonal anti-HA anti-

body and anti-mouse IgG conjugated with FITC was used to detect F508del-CFTR that had trafficked 

to the plasma membrane, as described before by Carlile et al..27 Increased fluorescence was detected 

with increasing concentrations of FC-A, up to 54% of a positive control VX-809 (a known F508del-

CFTR corrector28) at 100 μM (Figure 2.14A). Additionally, the western blot of F508del-CFTR 

expressing BHK cells shows the appearing of the C-band, representing mature CFTR with complex 

glycosylation, versus only the B-band in de DMSO control, representing core glycosylated CFTR 

(Figure 2.14B). 

  

Figure 2.14 | Stabilizer FC-A stimulates the trafficking of F508del-CFTR. (A) 3HA-tagged F508del-

CFTR expressing baby hamster kidney (BHK) cells were treated for 24h with different concentrations 

of FC-A (positive control: F508del-CFTR corrector VX-809, negative control: DMSO). After fixation, 

the cells were treated with mouse monoclonal anti-HA antibody and anti-mouse IgG conjugated with 

FITC. Fluorescence units were measured with a plate reader and background fluorescence was 

subtracted. N=10, error bars are describing SD. (B) BHK cells expressing F508del-CFTR were treated 

for 48h with 50 μM FC-A. After lysis of the cells a western blot was performed using anti-CFTR 

antibodies. B-band represents core glycosylated CFTR and the C-band represents the mature CFTR 

with complex glycosylation. 
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2.3 Discussion 

In recent years, the amount of research done on 14-3-3 proteins has increased significantly. Every 

year, new protein binding partners for 14-3-3 are found and with that, also the number of diseases and 

possible therapeutic approaches related to 14-3-3 increases.29 This brings forward a strong need to 

understand the different binding mechanisms of this regulatory hub protein. Although there is already 

a variety of 14-3-3 interactions thoroughly quantified, analyzed, and structurally elucidated22,23,30–32, the 

interaction between CFTR and 14-3-3 is an example of a 14-3-3 binding mechanism that is poorly 

understood. The binding of the intrinsically disordered CFTR R-domain to 14-3-3, relying on multiple 

phosphorylated 14-3-3 binding motifs, employs a special binding mechanism. There are several 14-3-3 

PPIs known where proteins with multiple phosphorylated serine and threonine residues that interact 

with 14-3-3, for example leucine-rich repeat kinase 2 (LRRK2), tumor suppressor p53, and Bcl-2-

associated death promoter (BAD).32–36 However, the CFTR R-domain interaction with 14-3-3 is 

exceptional in view of the large number of nine interaction sites. Apart from increasing our 

understanding of the interactions and specificity of 14-3-3 proteins, it is shown that functional 

consequences of this interaction presents a new mechanism for tackling the trafficking defect of the 

F508del-CFTR mutant protein.  

FP binding assays of the nine singly phosphorylated CFTR peptides with 14-3-3β show that their 

binding to 14-3-3 is weak (≥ high micromolar range) (Figure 2.4A). These individual affinities are too 

low to explain the biological function of 14-3-3 in CFTR expression as described in the publications of 

Liang et al.13, and are significantly lower than the affinity of the whole phosphorylated R-domain to 14-

3-3 published by Bozoky et al. (Kd value based on tryptophan fluorescence measurements: 5.4 ± 1.0 

μM).20 The affinities of the doubly phosphorylated CFTR peptides to 14-3-3 are significantly stronger 

(low - middle micromolar range) (Figure 2.4B). These affinities are comparable to those of earlier 

published 14-3-3 interaction partners18 and are in line with the reported full length R-domain affinity.20 

The conclusion is that the CFTR R-domain is binding most probably with two different sites to the 14-

3-3 dimer simultaneously. Bozoky et al. showed a variety of different binding modes in their NMR 

based model for CFTR R-domain binding to 14-3-3.20 Our structures of CFTR_pS753pS768 and 

CFTR_pS768pS795 with 14-3-3 show that the phosphorylated binding sites do bind in the amphipathic 

binding grooves of 14-3-3, while the connecting linker in between is not visible in the electron density 

and therefore show no proof of functionally interacting with 14-3-3 (Figure 2.7 and 2.10).  

In the binding assays 14-3-3β was used because this isoform is physiologically relevant in CFTR 

expression.13 However, for practical reasons 14-3-3ζ and 14-3-3γ have been used in the crystallography 
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experiments. Although these isoforms are less physiologically relevant, the binding grooves of 14-3-3 

are highly conserved among the different isoforms37 and should therefore give a reliable impression 

on the binding between the R-domain and 14-3-3. Additionally, the FP assay of all eight doubly 

phosphorylated peptides with the seven different isoforms showed that there are no specific 

preferences for the different binding sites within the isoforms (Figure 2.5). Although the different 

isoforms show different total binding affinities, they show the same trend in binding to the different 

peptides.  

The nine 14-3-3 binding sites in the CFTR R-domain are all related to the ‘mode I’ (RSX(pS)XP) 

and/or ‘mode II’ (RX(Y/F)X(pS)XP) 14-3-3 binding motifs31, but none of the CFTR motif sequences 

match them exactly. The R-domain binding site that corresponds best with these published consensus 

binding sites is pS768 (QARRRQpSVLNLMT) (Figure 2.3B). Accordingly, pS768 scored the maximum 

value in the overview of the estimated relative occupancy of the bound state of the nine different 14-3-

3 binding sites in the CFTR R-domain.13 These observations are in line with our experimental findings 

that indeed pS768 is the strongest individual binding site of the CFTR R-domain to 14-3-3. 

Furthermore, it was expected, based on the amino acid sequence and the estimated relative occupancy 

of the bound state of Liang et al., that pS795 would bind stronger to 14-3-3 than pS753. Our 

quantification of the binding of CFTR_pS753pS768 and CFTR_pS768pS795 to 14-3-3 in both the ITC 

and FP assay confirms this prediction (Figure 2.4). However, there are further alternative bivalent 

modes of CFTR binding to 14-3-3 imaginable. To test some of the possible combinations of two CFTR 

phosphorylated sites binding to 14-3-3 CFTR_pS712pS768 and CFTR_pS768pS813 were synthesized, 

which showed comparable binding affinities for 14-3-3β as CFTR_pS768pS795 (Figure 2.4 and 2.6). 

Although these peptides are not exactly similar to the natural sequence these results provide valuable 

insight on the possibility that non-adjacent binding motifs can bind simultaneously to 14-3-3.  

The question “what are the functions are of the multiple phosphorylated 14-3-3 binding sites in the 

CFTR R-domain?” still remains. One explanation could be that pS768 acts as the main anchor point 

for the binding between CFTR and 14-3-3. After binding of one 14-3-3 monomer to this anchor point, 

the local concentration of weaker binding sites surrounding the other monomer increases 

significantly, making the binding of a second binding more likely to happen (Figure 2.15). This 

mechanism is described by Yaffe as the ‘gatekeeper’ model: one dominant site functions as a initiator 

that has to be present and phosphorylated to promote a 14-3-3 interaction, which is then stabilized by 

a second interaction.38 However, the case of CFTR is exceptional by the large number of binding sites, 

of which at least two sites have to be phosphorylated and one of those has to be pS768. This way, a 

mutation in one of the 8 weaker binding sites will not cause a large effect on the functionality, while 



Chapter 2 

- 40 - 
 

having one single anchor point minimizes the chance of multiple 14-3-3 proteins binding to one R-

domain. Another explanation is more biological. 14-3-3 proteins are expected to increase CFTR function 

by three different ways: 1) supporting the folding of CFTR, 2) masking the degradation recognition 

site, 3) assisting the trafficking to the plasma membrane.13,39 Binding of certain sites of the R-domain 

to 14-3-3 could support the folding of the protein, while binding of other sites could, for example, mask 

or present the COPI recognition sites. These sites are located in the CFTR R-domain at position 683 

(KKQS) and 696 (KRKNS)).40,41 

Phosphorylation of the CFTR R-domain significantly increases its binding to 14-3-3 (Kd value based 

on tryptophan fluorescence measurements shifts from 34.3 μM ±7.4 μM to 5.4 ±1.0 μM).20 Therefore 

we should keep in mind that the phosphorylation positions of the R-domain and presence of certain 

kinases have an important influence on the binding of 14-3-3 to CFTR. The prediction of 

Figure 2.15 | Overview of the interaction between the intrinsically disordered CFTR R-domain (blue) 

and the 14-3-3 dimer (grey) with two amphipathic binding grooves. Binding of the strongest binding 

site (pS768, red sphere) increases the local concentration of the weaker binding sites of the R-domain 

(orange spheres), followed by a second binding event (e.g. pS712, pS753, pS795, or pS813). All 

interactions are weak by itself, however the combination of binding sites creates a stronger interaction. 

Binding site pS753 has been shown to be stabilized by FC-A. 
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phosphorylation sites shows that there are different kinases able to phosphorylate different 14-3-3 

binding sites. For example, protein kinase A (PKA) is able to phosphorylate all nine sites, protein 

kinase C (PKC) is predicted to phosphorylate only eight (all but S753), and 5’ AMP-activated protein 

kinase (AMPK) is able to phosphorylate only five sites (S700, S737, S768, S795 and S813).42 This can 

cause different levels of phosphorylation at different sites, varying over time, location, and cell fate. In 

this sense, the multi-phosphorylatable R-domain could work as an integrator of different signal-

transduction pathways, with 14-3-3 acting as a “reader” element of the different phosphorylation 

patterns. Johnson et al. characterize this as an ‘AND’ gate, where two phosphorylated sites must be 

engaged before the 14-3-3 dimer can bind, so two inputs (phosphorylation of the R-domain by two 

different kinases) can lead to one output (binding of 14-3-3 to the CFTR R-domain).43 Furthermore, 

multi-phosphorylation of the R-domain could lead to an ultrasensitive response of binding to the 14-3-

3 protein. This study discovered that a minimum of two phosphorylated binding sites in the R-domain, 

of which one should be pS768, is essential for the interaction with 14-3-3. The other phosphorylation 

sites are perhaps not per se essential for binding to 14-3-3, but can increase the sensitivity of the system 

resulting in a switch-like mechanism. Ferrell et al. describe this phenomenon in an excellent review44 

where the Fus3 / Ste5 interaction is used as an example. This interaction is important in yeast mating, 

where an ultrasensitive response is generated by multi-site phosphorylation, two-stage binding with 

one docking site, and steric hindrance.45 The results reported here provide first indications towards a 

potential similar ultrasensitive mechanism for regulation of the 14-3-3/CFTR interaction.  

To analyze the possibility of stabilizing the 14-3-3/CFTR interaction, known stabilizers for 14-3-3 

PPIs were tested in binding assays between 14-3-3 and the different doubly phosphorylated CFTR 

peptides. Addition of 200 µM FC-A showed a nine-fold increase of affinity between 14-3-3β and 

CFTR_pS753pS768 (Figure 2.11). Interestingly, until now only ‘mode III’ binding motifs ((pS/pT)X-

COOH, where X is not Pro) have been shown to be stabilized by FC-A22, while the R-domain does not 

contain any ‘mode III’ binding sites. The structure of 14-3-3/CFTR_pS753pS795 crystals soaked with 

FC-A shows that FC-A is only present in the binding groove containing the pS753 binding site (Figure 

2.12A). This is possibly the reason why the FP assays and ITC measurements showed that FC-A is able 

to stabilize the 14-3-3/CFTR_pS753pS768 interaction, but not the 14-3-3/CFTR_pS768pS795 

interaction (Figure 2.11). The most important interactions between FC-A and CFTR_pS753pS768 are 

the hydrophobic contacts with V754 and I755, which are forming a hydrophobic pocket together with 

14-3-3 residues L218, I219, I168, and V64 (Figure 2.13D). However, the pS768 and pS795 binding 

motifs also display hydrophobic residues at the +1 and +2 position of the phosphorylated serine 

residue, but are not stabilized by FC-A. A possible explanation why the pS768 motif is not stabilized 
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by FC-A, is that L772 contains hydrophobic contacts with both the F117 of 14-3-3, and L770 of the 

peptide itself (Figure 2.7E), which would be broken by addition of FC-A in this pocket, leading to a 

decreased binding affinity. Furthermore, a possibility is that the leucine and alanine residues of the 

pS795 binding site, and the valine and leucine residues of pS768, are not forming the right surface 

shape to present to FC-A. A third explanation is that the short linker between pS753 and pS768 (14 

amino acid residues) is “guided” towards the direction of the second binding groove by FC-A, which is 

not essential for the longer linker between pS768 and pS795 (26 amino acid residues). This would 

explain why the other doubly phosphorylated, but weaker binding, peptides containing short linker 

lengths, CFTR_pS660pS670 and CFTR_pS700pS712, show stabilization upon addition of FC-A as 

well, while the peptides with longer linker lengths and the singly phosphorylated peptides do not show 

a significant increase of affinity by addition of FC-A (Figure 2.12). FP assays of CFTR_pS753pS768 

with both physiologically relevant 14-3-3 isoforms β and ε, and ζ, showed that there is no isoform 

specificity in stabilization of the 14-3-3/CFTR interaction (Figure 2.11A). In this manner, the tool 

compound FC-A shows the ‘druggability’ of the 14-3-3/CFTR interaction in an intermolecular specific 

manner. The difference between the ‘mode I/II’ binding of pS753 to 14-3-3 and the ‘mode III’ binding 

of other known 14-3-3 PPIs that can be stabilized with FC-A could provide the stabilization specificity 

needed for further drug discovery.  

Carlile et al. developed a sensitive F508del-CFTR cell-based assay to detect correctors of 

trafficking.27 This assay showed that FC-A increases F508del-CFTR trafficking to the plasma 

membrane, up to 54% of the positive control VX-809 (at a concentration of 100 µM, Figure 2.12A) 

thus confirming the biological relevance of the 14-3-3/CFTR interaction. This makes FC-A a F508del-

CFTR trafficking corrector with a known mechanism of actions, which is rare in the field. 

 

2.4 Conclusions 

This chapter presented a thorough and quantitative biophysical and structural characterization of 

the interaction between 14-3-3 and CFTR, and provided clear evidence for a tandem mode-of-action 

binding event. One anchor binding motif of CFTR (pS768) occupies one binding groove of the 14-3-3 

dimer, and a weaker, secondary binding motif (e.g. pS712, pS753, pS795, or pS813) occupies the other 

binding groove. Additionally, the data shows that the 14-3-3/CFTR interaction can be specifically 

stabilized by targeting a secondary binding motif interaction with 14-3-3 with small-molecule stabilizer 

FC-A which thus might display a possible corrector activity in the trafficking of F508del-CFTR (Figure 

2.2). The characterization of the 14-3-3/CFTR interaction presented in this paper is an important step 
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in understanding the purpose of multisite phosphorylation in disordered domains to initiate 14-3-3 

PPIs. Furthermore, it is providing a promising and completely new approach in CF drug discovery.   

 

2.5 Materials and methods 

Peptide synthesis  

All peptides were synthesized via Fmoc solid phase peptide synthesis,46–48 by hand and an Intavis 
MultiPep RSi peptide synthesizer. The singly phosphorylated peptides were synthesized on Rink 
amide resin (Novabiochem; 0.59 mmol/g loading) and the doubly phosphorylated peptides on 
TentaGel R RAM resin (Rapp Polymere; 0.18 mmol/g). To increase the peptide synthesis yields, 
pseudoproline dipeptide residues (Fmoc-Gln(Trt)-Ser(psiMe,Mepro)-OH and Fmoc-Ala-
Ser(psiMe,Mepro)-OH, Novabiochem) were incorporated in the synthesis of the longer, doubly 
phosphorylated peptides (CFTR_pS670pS700 and CFTR_pS768pS795). The peptides used for ITC 
and crystallization were acetylated before deprotection and cleavage of the resin. The peptides used in 
the FP assay were labeled via an Fmoc-O1pen-OH linker (Iris Biotech GmbH) with FITC (Sigma 
Aldrich).  

The peptides were purified using a preparative LC-MS system that was comprised of a LCQ Deca 
XP Max (Thermo Finnigan) ion-trap mass spectrometer equipped with a Surveyor autosampler and 
Surveyor photodiode detector array (PDA) detector (Thermo Finnigan). Solvents were pumped using 
a high-pressure gradient system using two LC-8A pumps (Shimadzu) for the preparative system and 
a two LC-20AD pumps (Shimadzu) for the analytical system. The crude mixture was purified on a 
reverse-phase C18 column (Atlantis T3 prep OBD, 5 µm, 150 x 19 mm, Waters) using a flow of 20 mL 
min-1 and linear acetonitrile gradient in water with 0.1% v/v trifluoracetic acid (TFA). Fractions with 
the correct mass were collected using a PrepFC fraction collector (Gilson Inc). The purity and exact 
mass of the synthesized peptides were determined using analytical LC-MS. The mass off all peptides 
corresponded with the calculated mass, with purities >90%. As an example, the LC-MS 
characterization data of peptides CFTR_pS753pS768 and CFTR_pS768pS795 are shown in Figure 
2.16. 

Expression of 14-3-3 

His6-tagged 14-3-3 isoforms (full-length and ΔC) were expressed in NiCo21(DE3) competent cells 
with a pPROEX HTb plasmid (0.4 mM IPTG, overnight at 18 °C), and purified with a nickel column. 
The His6-tag was cleaved-off with TEV-protease and a second purification was done by size exclusion 
chromatography. The proteins were dialyzed against FP, ICT, or crystallization buffers before usage 
(recipes described below).  

Fluorescence polarization assay  

To investigate the binding of the CFTR peptides to 14-3-3, an FP assay was performed. The FITC-
labeled peptides were dissolved in FP buffer (10 mM HEPES pH7.4, 150 mM NaCl, 0.1% Tween20, 1 
mg/mL BSA) to a final concentration of 100 nM. Dilution series of 14-3-3 were made in 384 Corning 
Black Round Bottom well plates and their polarization was measured with a Tecan Infinite F500 plate 
reader (ex. = 485 nm, em. = 535 nm). During the PPI stabilization experiments, FC-A (Enzo Life 
Sciences BVBA) was dissolved in DMSO (10 mM) before addition to the peptide solution to a final 
concentration of 100 µM (final DMSO concentration is 1%). 
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Isothermal titration calorimetry  

The ITC measurements were performed with the Malvern MicroCal iTC200. The cell contained 0.2 
mM 14-3-3β and the syringe 1.0 mM peptide, both in ITC-buffer (25 mM HEPES pH 7.4, 100 mM 
NaCl, 10 mM MgCl2, 0.5 mM TCEP). Two times 18 titration of 2 µL were done at 37 °C (reference 
power: 5 µCal/sec., initial delay: 60 sec., stirring speed: 750 rpm, spacing: 180 sec.), and the data was 
merged with ConCat32 software. For the PPI stabilization experiments FC-A was dissolved in ethanol, 
which was evaporated before addition of the protein. The final concentrations in these experiments 
were 0.1 mM 14-3-3β with 0.2 mM FC-A in the cell, and 0.5 mM peptide in the syringe. 

  

Figure 2.16 | Analytical LC-MS of the purified doubly phosphorylated peptides CFTR_pS753pS768, 

and CFTR_pS768pS795, both the acetylated (ACE) and FITC labeled versions. 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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Crystallography  

The 14-3-3 proteins were C-terminally truncated after T234 (ζ) and S230 (γ) to improve 
crystallization. For crystallization, the 14-3-3ζΔC/CFTR_pS753pS768 complex was mixed in a 2:1.25 
molar stoichiometry with a final protein concentration of 10 mg/mL in crystallization buffer (25 mM 
HEPES, 0.1 M NaCl, 2 mM DTT, pH7.4). This was set up for hanging-drop crystallization in a 1:1 ratio 
with Qiagen JCSG core IV #2 crystallization liquor (0.2 M lithium sulfate, 0.1 M glycine, 1.2 M di-
potassium hydrogen phosphate, pH4.5). Crystals were fished after nine days of incubation at 4°C, 
using sucrose as cryoprotectant, and flash-cooled in liquid nitrogen. Diffraction data was collected at 
the X06SA/PXI beamline (Swiss Light Source, Villigen, Switserland). 

The 14-3-3γΔC/CFTR_pS768pS795 complex was mixed in a 2:1.2 molar stoichiometry with a final 
protein concentration of 15 mg/mL in crystallization buffer. This was set up for sitting-drop 
crystallization in a 1:1 ratio with Molecular Dimensions MIDAS C10 crystallization liquor (0.2 M 
ammonium sulfate, 0.1 M HEPES pH7.5, 35% w/v Poly(acrylic acid sodium salt) 2100). Crystals were 
fished after 5 days of incubation at room temperature, using sucrose as cryoprotectant, and flash-cooled 
in liquid nitrogen. Diffraction data was collected at the X10SA/PXII beamline (Swiss Light Source, 
Villigen, Switserland).  

 For FC-A soaking, the 14-3-3ζΔC/CFTR_pS753pS768 complex was mixed in a 1:1 molar 
stoichiometry with a final protein concentration of 20 mg/mL in crystallization buffer. This was set up 
for sitting-drop crystallization in a 1:1 ratio with homemade crystallization liquor (0.1 M HEPES pH6.5, 
27% w/v polyethylene glycol 6000). The crystal containing drop was transferred after 2 months 
incubation at 4°C to a new surface containing dried FC-A. Crystals were fished 10 days later using 
sucrose as cryoprotectant, and flash-cooled in liquid nitrogen. Diffraction data was collected at the 
X10SA/PXII beamline (Swiss Light Source, Villigen, Switserland). 

 All three datasets were indexed and integrated using XDS49 and scaled using SCALA50. The 
structures were phased by molecular replacement, using PDB IDs 1QJA51 (14-3-3ζ) and 3UZD52 (14-3-
3γ) as search model, in Phaser53, Coot54 and phenix.refine55 were used in alternating cycles of model 
building and refinement. See table 2.1 for data collection, structure determination, and refinement. 
The crystal structures were submitted to the PDB with identifiers 5D2D, 5D3E, and 5D3F for 14-3-
3ζΔC/CFTR_pS753pS768, 14-3-3γΔC/CFTR_pS768pS795, and 14-3-3ζΔC/CFTR_pS753pS768/FC-A 
complexes, respectively. 

Size exclusion chromatography 

 Samples with 187 μM 14-3-3ζ and different concentrations CFTR_pS753pS768 peptide were 
prepared in buffer (25 mM HEPES pH 7.4, 0.1 M NaCl, 2 mM MgCl2, 2 mM DTT) and incubated 
overnight at 4°C. For each sample 5μL was injected with a flow of 1 mL/min (8 Bar) on an analytical 
SEC column and protein was detected with UV-Vis (wavelength: 280 nm). 

Dynamic light scattering 

Samples with 240 μM 14-3-3ζ with and without CFTR_pS753pS768 peptide were prepared in 
buffer (25 mM HEPES pH 7.4, 0.1 M NaCl, 2 mM MgCl2, 2 mM DTT) and incubated overnight at 4°C. 
The samples were filtered with 0.1 μm Anotop filters and measured in disposable low volume cuvettes 
with the Zetasizer μV of Malvern. Data was analyzed with Zetasizer software.  

Glutaraldehyde crosslinking 

Samples with 400 μM 14-3-3ζ and different concentrations CFTR_pS753pS768 peptide were 
prepared in buffer (25 mM HEPES pH 7.4, 0.1 M NaCl, 2 mM MgCl2) and incubated for 3 hours at 
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4°C. 30 μL of the samples were mixed with 1 μL freshly prepared glutaraldehyde (2.3%) and incubated 
for 3 minute on 27°C. The reaction was terminated by addition of 2 μL Tris-HCl (1 M, pH 8.0) before 
solubilizing by addition of Laemmli sample buffer, heating to 95°C for 3 minutes, and running an 
SDS-page gel (12%).  

Small-angle X-ray scattering 

Samples with 187 μM 14-3-3ζ with and without CFTR_pS753pS768 peptide were prepared in buffer 
(25 mM HEPES pH 7.4, 0.1 M NaCl, 2 mM MgCl2, 2 mM DTT) and incubated for 3 hours at 4°C. 
SAXS data were collected on a Ganesha lab instrucment (SAXSLAB) and equipped with a GeniX-Cu 
ultra-low divergence source produceing X-ray photons with a wavelength of 1.54 Å and a flux of 108 
ph/s. 

Cell experiments  

The dose response cell experiment was performed as previously described by Carlile et al. 27 In 
brief, 3HA-tagged F508del-CFTR expressing baby hamster kidney (BHK) cells were seeded in 96-well 
plates (Corning half area, black-sided, clear bottom) at 15 000 cells per well. After 24 h incubation at 
37°C, the cells were treated with different concentrations of FC-A or VX-809 for 24 h (final DMSO 
concentration 1 v/v%). The cells were fixated with 4% paraformaldehyde, washed with PBS, and then 
blocked with fetal bovine serum (5% in PBS). Mouse monoclonal anti-HA anti-body (Sigma, 1:150 
dilution in PBS) was incubated overnight, and after three washes with PBS the background 
fluorescence was measured in a plate reader (488 nm excitation, 510 nm emission). The secondary 
antibody anti-mouse IgG conjugated with FITC (Sigma, 1:100 dilution in PBS) was incubated for 1 h, 
the cells were washed three times with PBS and analyzed in the plate reader again. Background 
fluorescence was subtracted from the signal, after which the signal was normalized to the DMSO 
control.  

For the western blot, BHK cells expressing F508-CFTR were treated for 48 hours with 50 μM FC-
A, 1μM VX-809 (positive control) or DMSO (negative control). After 48 hours the cells were washed 
twice in cold PBS, incubated for 10 minutes on ice, and then collected and lysed on ice with lysis buffer 
(20 mM Tris-Cl pH7.4, 140 mM NaCl, 1% triton x-100, 3 mM EDTA and protease inhibitors). After 
for 30 minutes incubation on ice with occasional vortexing the lysate was centrifuged 10000 g for 10 
minutes at 4 °C. The supernatant was protein assayed and 30 μg per lane was run on 6% PAGE. After 
blotting with skimmed milk (5%) the paper was stained with first antibody isanti-CFTR mouse 
monoclonal 1/500 (M3A7 Santa Cruz sc-58615) and second antibody anti-mouse HRP 1/10000 (Santa 
Cruz ac-2005 goat anti-mouse IgG hRP). 
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Table 2.1. Crystallographic statistics 

 14-3-3ζ/ 
CFTR_pS753pS768 

PDB ID: 5D2D 

14-3-3ζ/ 
CFTR_pS753pS768/FCA 

PDB ID: 5D3E 

14-3-3γ/ 
CFTR_pS768pS795 

PDB ID: 5D3F 

Data collection    
Wavelength (Å) 0.99983 0.978860 0.978860 
Resolution (Å)a 48.09 - 2.10 (2.15 - 

2.10) 
44.01 - 2.74 (2.87 - 

2.74) 
36.30 - 2.75 (2.82 - 

2.75) 
Space group P 41 21 2 C 2 2 21 P 41 21 2 
Cell parameters (Å) a = b = 112.86,  

c = 158.19 
a = 69.61, b = 110.17, 

c = 132.60 
a = b = 122.45,  

c = 313.16 
CC1/2 (%)a,b 100.0 (81.5) 99.7 (94.4) 99.8 (88.9) 
Rmerge (%)a,c 5.7 (125.7) 7.4 (30.5) 12.0 (63.9) 
Rmeas (%)a,c 6.0 (13.07) 8.2 (34.0) 12.5 (66.6) 
Average I/σ(I)

a 24.3 (2.4) 13.7 (4.1) 15.6 (4.2) 
Completeness (%)a 100.0 (100.0) 96.9 (78.7) 100.0 (100.0) 
No. of unique reflectionsa 60184 13330 62806 
Redundancy a 13.1 (13.3) 5.8 (4.7) 13.6 (12.8) 
Wilson B-factor (Å2) 46.9 63.7 52.4 
Mosaicity (°) 0.07 0.25 0.24 
    
Refinement    
Number of protein / peptide / 
ligand / solvent atoms 

 
3642 / 153 / 0 / 246 

 
3463 / 143 / 48 / 0 

 
11349 / 223 / 0 / 141 

Rwork / Rfree (%) 19.3 / 22.0 24.6 / 30.3 20.2 / 24.4 
No. of reflections in the ‘free’ set 2894 591 3002 
R.m.s. deviations from ideal 
values bond lengths (Å) / bond 
angles (°) 

 
 

0.008 / 0.960 

 
 

0.011 / 1.380 

 
 

0.014 / 1.271 
Average B-factor (Å) 56.0 74.0 63.0 
Ramachandran plot: favored / 
outlier residues (%) 

 
98.53 / 0.00 

 
98.45 / 0.22 

 
97.30 / 0.07 

Molprobity validation score 2.76 11.16 12.06 
a number in parentheses is for the highest resolution shell 
b CC1/2 = Pearson’s intra-dataset correlation coefficient, reported by Aimless (version 0.3.11) 
c Reported by Aimless (version 0.3.11) 
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Chapter 3 

Characterization of the Interaction between 14-3-3 and LRRK2 

 

 

Abstract  

Binding of 14-3-3 proteins to leucine-rich repeat kinase 2 (LRRK2) is known to be impaired by a 

number of Parkinson’s disease (PD)-relevant mutations. Abrogation of this interaction is connected to 

enhanced LRRK2 kinase activity, which in turn is implicated in increased ubiquitination of LRRK2, 

accumulation of LRRK2 into inclusion bodies, and reduction of neurite length. Hence, the interaction 

between 14-3-3 and LRRK2 is of significant interest as a possible drug target for the treatment of PD. 

However, LRRK2 possesses multiple phosphorylation sites that can bind to 14-3-3, thus rendering the 

interaction relatively complex. Using biochemical assays and crystal structures the multivalent 

interaction between these two proteins is characterized, which shows that combinations of the 

different binding sites in the LRRK2 protein significantly enhance the binding strength of 14-3-3. In 

addition, based on in silico evaluation of the crystal structure, a potential druggable pocket at the pS935 

site of LRRK2 binding to 14-3-3 is presented.  
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3.1 Introduction 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder with only 

limited therapeutic options. In the majority of cases PD occurs sporadically and is strongly age-related. 

However, a number of genes have been linked to inherited forms of PD bearing implications for 

possible treatments of the disease.1 Here, autosomal dominant, missense mutations in the leucine rich 

repeat protein kinase 2 (LRRK2) gene are the most common genetic predispositions for PD.2–4 About 

1% - 5% of familial and sporadic PD show mutations in LRRK2 and patients with these mutations 

display a clinically identical disease phenotype as those with idiopathic PD.5–7 Pathogenic PD 

mutations (N1437H, R1441C/G, Y1699C, I2020T, and G2019S) in LRRK2 result in increased kinase 

activity and the formation of cytoplasmic accumulations.8–12  

LRRK2 is a large, 286 kDa protein that in addition to its kinase domain comprises a number of 

further structural motifs: the armadillo (ARM), ankyrin (ANK), and leucine-rich repeats (LRR), a Ras 

of complex proteins (ROC) GTPase, a C-terminal of ROC (COR), and a C-terminal WD40 domain 

(Figure 3.1A).13 One of the most important protein interaction partners of LRRK2 are the 14-3-3 

proteins.11,14–17 The primary binding motifs for 14-3-3 in LRRK2 were identified to be around 

phosphorylated serine residues 910, 935 and 1444, but also serine residues at position 860, 955 and 

973 have been reported to bind to 14-3-3 upon phosphorylation.8,11,14,16,18,19 The phosphorylated serine 

residues pS910, pS935, pS955, and pS973 are located in the disordered loop between the ANK and 

LRR domain, pS860 is located in the ANK domain close to this loop, and pS1444 is located farther 

away in the ROC domain (Figure 3.1A). Importantly, a number of pathogenic mutations in LRKK2 

disrupt or weaken the interaction with 14-3-3 thus implying a role of this protein-protein interaction 

(PPI) in PD (Figure 3.1B).11,15,16 Accordingly, 14-3-3 binding has been shown to regulate cytoplasmic 

distribution,14 to protect from dephosphorylation,16 and to be involved in extracellular secretion of 

LRRK2.17 Dephosphorylation of LRRK2 and consequent abrogation of 14-3-3 binding was recently 

reported to enhance ubiquitination of LRRK2.18 This enhanced degradation of LRRK2 could be 

involved in detrimental loss-of-function phenotypes found in peripheral tissues of LRRK2 kinase 

inactive mutants19 and also may have important consequences for pharmacological interventions on 

LRRK2.20 Furthermore, the group of Yacoubian showed that overexpression of 14-3-3 reversed 

shortening of neurites harboring the G2019S mutant of LRRK2 while, oppositely, disruption of 14-3-3 

functions by a peptide inhibitor further reduced neurite length in G2019S-LRRK2 cultures.21  
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To explain the positive effect of 14-3-3 binding towards PD, the group of Herberg proposed a model 

in which LRRK2 kinase activity is controlled by a conformational change driving the kinase into an 

inactive state, which is stabilized by 14-3-3 binding simultaneously to pS910 and pS1444.11 

Interestingly, three clinically observed mutations can be found - R1441C, R1441G, and R1441H – which 

impair 14-3-3 binding by reducing phosphorylation on S144411, but also possibly by a direct steric effect. 

However, the presence of the other 14-3-3 binding sites implies that the binding of the 14-3-3 protein 

to LRRK2 can appear in various different compositions than by just binding pS910 and pS1444. 

Indeed, the binding of an intrinsically disordered domain relying on multiple-phosphorylated 14-3-3 

Figure 3.1 | LRRK2 and its binding to 14-3-3. (A) Schematic overview of the LRRK2 protein domains 

(ARM, Armadillo; ANK, Ankyrin; LRR, Leucine-Rich Repeats; ROC, Ras of complex proteins; COR, 

C-terminal of ROC; Kinase; WD40), with the location of pathogenic Parkinson’s disease (PD) 

mutations and a close-up of the location of the different potential 14-3-3 binding sites. (B) A cartoon 

view of 14-3-3 binding to phosphorylated LRRK2. Pathogenic PD mutations in LRRK2 lead to enhanced 

kinase activity, dephosphorylation of LRRK2, and the loss of 14-3-3 binding, resulting in increased 

ubiquitination of LRRK2, accumulation of LRRK2 into inclusion bodies, and reduced neurite lengths. 
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binding motifs is a mechanism that is often observed in 14-3-3 binding partners, like the cystic fibrosis 

transmembrane conductance regulator (CFTR)22, Bcl-2-associated death promoter (BAD)23,24, and 

tumor suppressor p5325. It has been shown that combining two phosphorylated 14-3-3 binding sites 

increases the affinity for 14-3-3 significantly. However the role of multivalency involving more than two 

binding sites remains unclear. The biophysical analysis of the 14-3-3/LRRK2 interaction can therefore 

function as an interesting case study.  

The 14-3-3 class of adapter proteins interacts with several hundred protein partners of which many 

are involved in human disease.26,27 Overall, the activity of 14-3-3 proteins is recognized as 

neuroprotective,28 for example by preventing neurofilament aggregation in amyotrophic lateral 

sclerosis (ALS).29 However, in Alzheimer´s disease 14-3-3 has been reported to increase Tau fibril 

formation30 and enhance Tau neurocytotoxicity.31 Of high importance for chemical biology applications 

and potential drug discovery, small-molecule modulation of 14-3-3 PPIs has been shown by employing 

natural products,22,32 peptide derivatives,33,34 synthetic molecules,35,36 and supramolecular ligands.37 For 

example, the natural product Cotylenin A (CN-A) stabilizes the inhibitory binding of 14-3-3 to the 

protein kinase C-Raf and displays anti-tumor activity.32,38 A related compound, Fusicoccin A (FC-A), is 

able to stabilize the interaction of one out of nine phosphorylation motifs of the chloride channel CFTR 

and enhance its export to the plasma membrane,22 a process that could open up a new avenue for the 

treatment of cystic fibrosis. Given that i) 14-3-3 binding to LRRK2 is impaired by a number of PD-

relevant mutations,14–16 ii) LRRK2 kinase activity is enhanced in PD,39 and iii) this kinase activity is 

reduced upon binding to 14-3-3,11 a possible and yet unaddressed strategy for treating PD could be 

small-molecule stabilization of the LRRK2/14-3-3 interaction. A first, important step to assess the 

“druggability” of such a PPI is the structural elucidation of its interface and a thorough characterization 

of the binding modes and affinities involved. Here, the crystal structure of 14-3-3 in complex with the 

binding motifs of LRRK2 surrounding pS910 and pS935 is presented. Additionally, it is shown how 

the different combinations of these two sites and pS1444 significantly enhance the binding strength 

of 14-3-3 indicating the importance of multivalency for LRRK2 regulation by 14-3-3 proteins. Finally, 

the possibility is discussed for small-molecule stabilization of the LRRK2/14-3-3 interaction as a 

potential approach for therapeutic modulation of LRRK2 activity in PD. 
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3.2 Results 

3.2.1 Binding affinities of the interaction between LRRK2 peptides and 14-3-3 

To quantify the binding affinities of the 14-3-3 binding sites in LRRK2 reported previously,11,14,15 

peptides are synthesized derived from LRRK2 that comprise the sequences around the 

phosphorylation sites S860, S910, S935, S955, S973, and S1444 (Table 3.1). For direct binding 

measurements to 14-3-3γ, these peptides were labelled with fluorescein isothiocyanate (FITC) and used 

in a fluorescence polarization (FP) assay. All peptides showed binding to 14-3-3γ albeit with marked 

differences in affinity (Figure 3.2A and F). LRRK2_pS1444 exhibited the strongest binding affinity to 

14-3-3γ with a Kd value of 0.125 + 0.003 µM, which is close to the Kd value earlier reported by the group 

of Herberg (0.216 μM).11 LRRK2_pS910 and LRRK2_pS935 both bound around 100-fold weaker (Kd 

values of 8.34 ± 0.27 µM and 7.75 ± 0.21 µM, respectively), which is in the case of LRRK2_pS910 

slightly weaker than reported by Muda et al. (Kd value of 661 ± 121 nM), however significantly stronger 

for LRRK2_pS935, where no binding of a synthetic phosphopeptide surrounding this site was shown.11 

The three weakest binders were LRRK2_pS860, LRRK2_pS955, and LRRK2_pS973, of which the 

binding curves were not complete enough to determine their affinities for 14-3-3γ. To corroborate and 

further quantify the interaction of these synthetic LRRK2 peptides with a second, independent method, 

unlabeled versions thereof were tested via isothermal titration calorimetry (ITC) for their binding to 

14-3-3γ (Figure 3.2B-F). The calculated affinities from the ITC measurements showed the same trend 

in binding for the six peptides as the results from the FP measurements (Figure 3.2F).  

 

 

Table 3.1| Amino acid sequences of the peptides coding for six singly phosphorylated 14-3-3 binding 

sites in the LRRK2 protein. *LRRK2_pS1444 was extended with the natural sequence to improve the 

solubility. 

Peptide Sequence 

LRRK2_pS860   E G T A S G pS D G N F S E 
LRRK2_pS910 V K K K S N pS I S V G E F 
LRRK2_pS935 L Q R H S N pS L G P I F D 
LRRK2_pS955    K R K I L S pS D D S L R S 
LRRK2_pS973                           H M R H S D pS I S S L A S 

LRRK2_pS1444*                   I K A R A S pS S P V I L V G T H L D 
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Figure 3.2 | Binding between six singly phosphorylated peptides representing segments of the LRRK2 

protein (sequences are depicted in Table 3.1), and 14-3-3γ. (A) Fluorescence polarization (FP) assay of 

fluorescein isothiocyanate (FITC)-labeled peptides with 14-3-3γ. Background polarization was 

subtracted from all values. Mean of three experiments; standard deviation (SD) error bars are 

presented when bigger than the data point symbols. (B-E) isothermal titration calorimetry (ITC) results 

of the binding of the six peptides to 14-3-3γ. (F) Overview of the Kd values of the binding between the 

peptides and 14-3-3γ based on FP and ITC assays. 
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Many 14-3-3 partner proteins display more than one phosphorylated 14-3-3 recognition motif and 

for a number of them (protein kinase C (PKC), C-Raf, CFTR, GRB2-associated-binding protein 2 

(Gab2)) the simultaneous binding of two of these motifs to one 14-3-3 dimer was shown to dramatically 

increases the affinity.22,40–42 Since LRRK2 also displays several potential and verified 14-3-3 binding 

sites, a number of peptides where two of these phosphorylation sites were combined are synthesized 

(Table 3.2). These peptides showed a strong increase in binding affinity to 14-3-3γ, with some of the 

combinations displaying the lowest Kd values ever reported for 14-3-3 binding peptides (Figure 3.3). For 

example, the FP assay of the two peptides containing pS1444 showed a Kd value of 6.10 ± 0.39 nM for 

LRRK2_pS910pS1444 and 2.77 ± 0.19 nM for LRRK2_pS935pS1444 to 14-3-3γ. Also the binding of 

LRRK2_pS910pS935 to 14-3-3γ could be fitted to a low Kd value of 10.8 + 0.7 nM as measured by FP 

(Figure 3.3E and H). A note has to be made that these values are measured close to the detection limit 

of the technique by the use of 5 nM of fluorescently-labeled peptide, and it is thus possible that these 

peptides have even stronger binding affinities to 14-3-3γ. Also the other binding sites show an increase 

in affinity for 14-3-3γ by combining them with a second site (2.93 ± 0.27 µM for LRRK2_pS860pS910, 

64.3 ± 2.9 nM for LRRK2_pS935pS955, and 1.21 ± 0.5 µM for LRRK2_pS955pS973). It is remarkable 

that the addition of the barely measurable binding sites pS860 to pS910 still increases the affinity 2.8-

fold. Again, these values were corroborated by ITC experiments, producing a comparable binding 

affinity-trend for all peptides (Figure 3.3B-H). As observed in the FP assay, also with ITC the high-

affinity peptides lay in within the detection limit of the technique.  

 

 

Table 3.2| Amino acid sequence of peptides coding for six doubly phosphorylated 14-3-3 binding sites 

in the LRRK2 protein. Peptides LRRK2_pS860pS910, LRRK2_pS910pS1444, and 

LRRK2_pS935pS1444 were connected with a glycine/serine linker instead of the natural sequence to 

overcome synthesis difficulties. *LRRK2_pS910pS1444 and LRRK2_pS935pS1444 were extended with 

the natural sequence to improve the solubility. 

Peptide Sequence 

LRRK2_pS860pS910      E G T A S G pS D G N F S E G S G G G S G V K K K S N pS I S V G E F 
LRRK2_pS910pS935 V K K K S N pS I S V G E F Y R D A V L Q R C S P N L Q R H S N pS L G P I F D 
LRRK2_pS935pS955     L Q R H S N pS L G P I F D H E D L L K R K R K I L S pS D D S L R S 
LRRK2_pS955pS973        K R K I L S pS D D S L R S S K L Q S H M R H S D pS I S S L A S 

LRRK2_pS910pS1444*      V K K K S N pS I S V G E F G S G G G S G I K A R A S pS S P V I L V G T H L D 
LRRK2_pS935pS1444*     L Q R H S N pS L G P I F D G S G G G S G I K A R A S pS S P V I L V G T H L D 
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Figure 3.3 | Binding between peptides representing segments of the LRRK2 protein, with or without 

PD-associated mutations (sequences are depicted in Table 3.3), and 14-3-3γ. (A) FP assay of FITC-

labeled peptides with 14-3-3γ. Background polarization was subtracted from all values. Mean of three 

experiments; SD error bars are presented when bigger than the data point symbols. (B–G) ITC results 

of the binding of the six peptides to 14-3-3γ. (H) An overview of the measured Kd values of the binding 

between the peptides and 14-3-3, based on the FP and the ITC assays.  
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3.2.2 Influence of mutations around LRRK2_pS1444 on 14-3-3 binding  

Whereas most PD-associated mutations in LRRK2 like G2019S, N1437H, Y1699C and I2020T do 

not directly neighbor a 14-3-3 binding site, three mutations within the ROC domain (R1441C, R1441G, 

and R1441H) have been shown to occur in a 14-3-3 recognition motif surrounding pS1444.11 Although 

it was reported that these mutations disturb the protein kinase A (PKA) recognition site and thus 

decrease phosphorylation of S1444,15 it is nonetheless wished to quantify the influence of these 

mutations on binding to 14-3-3 proteins, both in the context of the isolated LRRK2_pS1444 site as well 

as in combination with one additional phosphorylation site, LRRK2_pS910. The sequences of the 

peptides that were synthesized to this end can be found in Table 3.3. In line with earlier reports,15 no 

interaction of the non-phosphorylated LRRK2_S1444 (pS1444S) peptide with 14-3-3γ (Figure 3.4A) was 

detected as measured via FP. When S1444 was phosphorylated, the R1441G, R1441C, and R1444H 

mutations decreased the affinity of the peptide to 14-3-3 by a factor of around 5, 6, and 2, respectively 

(to 617 ± 13 nM, 727 ± 21 nM, and 228 ± 6 nM). This is in line with the hypothesis that disturbance of 

the PKA recognition motif rather than a direct effect on 14-3-3 binding is largely responsible for the 

PD-related effect of this mutation.  

Since LRRK2 can bind to 14-3-3 via multiple sites, the effect of both the abrogation of 

phosphorylation at S1444 and the mutation R1441G was studied in the context of a construct bearing 

the phosphorylation of S910. Whereas the doubly-phosphorylated peptide LRRK2_pS910pS1444 

bound to 14-3-3 with a Kd value of around 5 nM (Figure 3.3), the affinity dropped by more than 1000-

fold to 8.32 +0.26 μM when S1444 was not phosphorylated, and to 14.4 +0.70 μM when additionally 

the R1441G mutation was present (Figure 3.4). These binding affinities are comparable with the 

shorter singly phosphorylated peptide LRRK2_pS910 which bound with a Kd value of 8.34 ± 0.27 µM 

and suggests that the unphosphorylated S1444 does not play a role in binding to 14-3-3. 

Table 3.3 | Amino acid sequence of peptides coding for singly and doubly phosphorylated 14-3-3 binding 

sites in the LRRK2 protein with known Parkinson’s disease (PD) causing mutations 

(R1441G/R1441C/R1441H) and phosphorylation on S1444. 

 

Peptide Sequence 

LRRK2_pS1444 (R1441G) I K A G A S pS S P V I L V G T H L D 
LRRK2_pS1444 (R1441C) I K A C A S pS S P V I L V G T H L D 
LRRK2_pS1444 (R1441H) I K A H A S pS S P V I L V G T H L D 
LRRK2_S1444 (pS1444S) I K A R A S S S P V I L V G T H L D 

LRRK2_S1444 (R1441G+pS1444S) I K A G A S S S P V I L V G T H L D 

LRRK2_pS910pS1444 (R1441G) V K K K S N pS I S V G E F G S G G G S G I K A G A S pS S P V I L V G T H L D 
LRRK2_pS910S1444 (pS1444S)  V K K K S N pS I S V G E F G S G G G S G I K A R A S S S P V I L V G T H L D 

LRRK2_pS910S1444 
(R1441G+pS1444S) 

 V K K K S N pS I S V G E F G S G G G S G I K A G A S S S P V I L V G T H L D 
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Figure 3.4 | Binding between peptides representing segments of the LRRK2 protein, with or without 

PD-associated mutations (sequences are depicted in Table 3.3), and 14-3-3γ. (A) FP assay of FITC-

labeled peptides with 14-3-3γ. Background polarization was subtracted from all values. Mean of three 

experiments; SD error bars are presented when bigger than the data point symbols. (B) FP assay of 

FITC-labeled peptides with 14-3-3γ. Background polarization was subtracted from all values. Mean of 

three experiments; SD error bars are presented when bigger than the data point symbols. (C) Overview 

of the binding affinities (Kd value) of the peptides and 14-3-3γ, based on the FP assay. 
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3.2.3 Crystal structure of LRRK2 peptides in complex with 14-3-3 

The LRRK2_pS910pS935 and LRRK2_pS935 peptides were co-crystallized with 14-3-3σ and their 

structures were solved to a resolution of 1.46 Å and 1.33 Å, respectively. In these crystal structures, 

interpretable density of twelve amino acids surrounding the pS910 site, and four amino acids 

surrounding the pS935 site were found (Figure 3.5A and B). The remaining residues of the flexible 

linker between the two sites and the termini of both peptides are not visible in the electron density. 

The structures show the typical 14-3-3 binding of the phosphorylated serine residues in the basic 

pockets of the 14-3-3 dimer, with electrostatic interactions between R129, R56, and K49 of the 14-3-3 

protein and the phosphate group of the phosphorylated serine residue. A hydrogen bond between Y130 

of 14-3-3 and the phosphorylated serine residue strengthens this interaction (Figure 3.6A and C).  

At the pS910 site, the binding is mostly based on polar interactions between the peptide and the 

14-3-3 binding groove, presented with dashed lines in Figure 3.6A. However, also a cluster of 

hydrophobic amino acid side chains of the peptide (I911, V913, and F916) is positioned in a 

hydrophobic pocket formed by the F119, P167, I168, L174, L218, I219, and L222 at the end of the 

binding groove of 14-3-3 (Figure 3.6B). Interestingly, eight amino acids positioned C-terminal of pS910 

are visible in the binding groove of 14-3-3, spanning a distance of only 14 Å. This is achieved by the 

peptide forming an α-helix which decreases the distance it crosses and thus making the structure more 

compact.  

Figure 3.5 | LRRK2_pS910 and LRRK2_pS935 binding to 14-3-3σ. (A) Final 2FO-FC electron density 

map (blue mesh, contoured at 2.5σ) of the LRRK2_pS910 peptide (white sticks) binding to 14-3-3σ 

(orange surface). (B) Final 2FO-FC electron density map (blue mesh, contoured at 2.5σ) of the 

LRRK2_pS935 peptide (white sticks) binding to 14-3-3σ (orange surface). (Protein data bank (PDB) IDs: 

5MYC and 5MY9)  
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At the pS935 site, fewer amino acids could be determined from the electron density map in the 

14-3-3 binding groove. Polar interactions are visible C-terminal to the phosphorylated serine residue, 

between S933 of the peptide and E182 of the 14-3-3 protein, and the peptide backbone establishes 

interactions with residues W230, N226, and N175 of the protein. However, this interaction is mostly 

based on hydrophobic contacts between L936 of the peptide and L174, L218, I219, and L222 of 14-3-3. 

Beyond residue L936, the peptide protrudes out of the binding groove, leaving the rest of the binding 

groove empty, to create a rim-of-the-interface pocket.  

Figure 3.6 | Protein-protein interaction (PPI) interface between 14-3-3σ and LRRK2. (A) Details of the 

LRRK2 peptide LRRK2_pS910 (white sticks) binding to 14-3-3σ (orange cartoons and orange sticks). 

Polar interactions are depicted as black, dotted lines. (B) Hydrophobic interactions (semi-transparent 

surface) between LRRK2_pS935 (white sticks) and 14-3-3σ (orange cartoon). (C) Detailed view of the 

LRRK2 peptide LRRK2_pS910 (white sticks) binding to 14-3-3σ (orange cartoon and sticks) with polar 

interactions depicted as black, dotted lines and hydrophobic contacts shown as semi-transparent 

surface. (D) Surface representation of a 14-3-3σ dimer (orange) with bound LRRK_pS910 (white sticks) 

by monomer A and LRRK2_pS935 to monomer B. (PDB IDs: 5MYC and 5MY9) 

Y130 
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3.2.4 Structural comparison of LRRK2 with other 14-3-3 binding motifs 

In recent years many crystal structures of 14-3-3 binding motif complexes have been published. As 

of January 2017, binding motifs of two dozen 14-3-3 partner proteins are deposited in the protein data 

bank (PDB), among them many bio-medically relevant proteins like CFTR,22 p53,25 C-Raf,32,43 

Exoenzyme S (ExoS),44,45 estrogen receptor α (ERα),41 and Histone H3.46 Comparison of these 

structures with LRRK_pS910 and LRRK_pS935 reveals some interesting similarities. For example, the 

14-3-3 interaction sites of CFTR_pS768 and C-Raf_pS259 span nearly the entire amphipathic binding 

channel binding to 14-3-3 in an elongated fashion (Figure 3.7, upper row). This is similar to the binding 

mode of LRRK2_pS910 with the noticeable addition that residues 912-917 form a short α-helix. This 

is only the second time that a secondary structural element is observed in the primary interaction motif 

of a 14-3-3 partner protein. The first example is the phosphorylation-independent binding of the 

virulence factor ExoS from Pseudomonas aeruginosa.44,45 ExoS binds in a phosphorylation-independent 

manner to 14-3-3, relying mostly on the hydrophobic interaction of four leucine residues with a 

hydrophobic patch in the amphipathic groove of 14-3-3. The second major difference from all 

phosphorylation-dependent 14-3-3 PPIs is the opposite orientation in which the ExoS peptide is 

coordinated by 14-3-3. Normally, 14-3-3 interactors are coordinated in an N- to C-terminal direction 

Figure 3.7 | Sequence and three-dimensional comparison between LRRK2 binding to 14-3-3 and 

previously elucidated 14-3-3 protein complexes. Upper row: 14-3-3 binding peptides that – similar to 

LRRK2_pS910 – occupy nearly the entire length of the 14-3-3 binding channel. Lower row: 14-3-3 

binding peptides that – similar to LRRK2_pS935 – create an interface pocket that could accommodate 

a stabilizing molecule like Fusicoccin A (FC-A). PDB IDs of the structures used for creating the 

superimpositions are projected in the figure.22,25,41,43,45,46 
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starting from the phosphorylated residue binding basic pocket to the exit point of the amphipathic 

channel. In contrast, ExoS is coordinated from the C- to the N-terminus starting from the equivalent 

position in the basic pocket.45 Nonetheless, the position of the α-helix formed by ExoS can be found at 

exactly the same position as in LRRK2_pS910 indicating a pre-disposition of 14-3-3 proteins to 

accommodate this structural element in this region of the interaction interface with partner proteins. 

Other interesting comparisons are those of the relatively limited interface of LRRK2_pS935 with 

also short interacting sequences like those belonging to ERα, p53, and Histone H3 (Figure 3.7, lower 

row). In all these structures, C-terminal from the phosphorylated serine or threonine residue, the 

peptide chain either ends at position +1 (ERα) or makes a sharp turn to exit the binding groove of 14-

3-3, leaving a well-defined, albeit open interface pocket. In principle such a pocket can be targeted with 

a small molecule as shown with the tool compound FC-A in the case of the 14-3-3/ERα.41  

3.2.5 Druggability of the 14-3-3/LRRK2 interface 

The stabilization of 14-3-3 PPIs by natural products (e.g. FC-A) has been demonstrated with 

binding partners such as C-Raf,32 ERα,41 TASK3,42 Gab2,40 and CFTR.22 In all cases a prerequisite for 

the binding of these molecules (and resulting stabilization) is an accessible binding pocket at the 

interface of the 14-3-3 and binding partner complex. As mentioned above, a binding pocket was visible 

in the 14-3-3σ/LRRK2_pS935 complex (assuming the peptide is directed out of the groove as evidenced 

by Figure 3.5B, 3.6C, and 3.7). However, analyzing the binding of the LRRK2 singly phosphorylated 

peptides, in the presence and absence of 100 μM FC-A, does not show any significant stabilization by 

the fusicoccin molecule (Figure 3.8). However, to have a view on the druggability of the binding pocket 

its potential drug-binding ability is computationally assessed.  

SiteMap (Schrödinger 2016-3)47 is used as an in silico method to identify and score the most likely 

ligand binding sites on the entire protein surface of the 14-3-3σ/LRRK2_pS395 binary structure. 

SiteMap has been shown as an effective in silico tool with the Site Score metric correctly identifying 

86% of ligand binding sites from a set of 538 co-crystallized ligand-protein structures obtained from 

the PDB.48 Based on this study, a SiteScore of 0.80 is considered as an accurate differential between 

ligand-binding and non-ligand-binding sites, where a score >1 suggests a binding site that is 

particularly drug-like.48,49 In a separate investigation SiteMap performed comparably to the cavity 

prediction algorithm fPocket when applied to a separate non-redundant data set.50 This approach has 

been used to assess the drug-binding ability of diverse members of the bromodomain family,51 in the 

design of small-molecule inhibitors of the β-catenin-BCL9 PPI,52 and to aid the identification of 

binding sites on 1218 PDB structures of proteins known to encode overexpressed genes in cancer.53 
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In this study only two potential sites were identified. As predicted, the highest ranked site (Site 1) 

corresponded exactly to the identified pocket near pS935 and returned a significant SiteScore of 0.918 

(Table 3.4 and Figure 3.7). The lower ranking site (Site 2, SiteScore = 0.617) was remote from the 

LRRK2 binding groove in an area that corresponded to the 14-3-3 dimer interface (Table 3.4). To 

contextualize these findings the same analysis was performed on the 14-3-3σ/ERα_pS594 binary 

structure (PDB ID: 4JC3) – a complex for which stabilization by a ligand has been experimentally 

validated.41 Again, the primary ligand binding site identified by SiteMap corresponded to the known 

stabilizer binding pocket and returned only a slightly higher SiteScore of 0.967 compared to the 14-3-

3σ/LRRK2_pS935 complex (Table 3.5). These findings therefore give us confidence that it will be 

possible to modulate LRRK2 binding to 14-3-3 by targeting the observed pocket with small-molecule 

ligands.  

 

  

Figure 3.8 | FP assay of singly phosphorylated FITC-labeled peptides with 14-3-3γ, in the presence and 

absence of 100 μM FC-A. Background polarization was subtracted from all values. Mean of three 

experiments; SD error bars are presented when bigger than the data point symbols. 
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Table 3.4 | 14-3-3σ/LRRK2_pS935 SiteMap analysis results 

Site SiteScore Size (Å) Volume (Å3) 

1 0.918 64 184.9 
2 0.617 33 75.8 

 

Table 3.5 | 14-3-3σ/ERα_pS594 SiteMap analysis results. 

Site SiteScore Size (Å) Volume (Å3) 

1 0.967 72 188.9 
2 0.738 45 163.9 
3 0.649 31 91.2 
4 0.642 28 79.9 
5 0.600 27 55.9 

 

 

  

Figure 3.9 | Surface map representation (space-filled surface) of the predicted ligand binding site (Site 

1) at the interface of 14-3-3σ (orange surface and helices) and LRRK2_pS935 (white surface and sticks). 

The identified ‘site-points’ are shown as turquoise spheres. 
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3.3 Discussion 

The LRRK2 kinase is one of the most promising molecular targets for the treatment of PD.2,4,6 As 

a protein kinase, the most obvious and established path forward is the development of active-site 

inhibitors.8 Here, a number of promising developments have been reported recently showing the 

clinical potential of these molecules.54,55 However, direct inhibition of the enzymatic activity of LRRK2 

has been reported to also reduce LRRK2 levels in peripheral tissue, which could lead to loss of 

function.56–58 In this context a recent study testing two distinct LRRK2 inhibitors in non-human 

primates has shown that these kinase inhibitors induced abnormal cytoplasmic accumulation of 

secretory lysosome-related organelles in pneumocytes of the lung.59 In another report, six different 

LRRK2 kinase inhibitors were used to show that LRRK2 kinase inhibition induces LRRK2 

dephosphorylation and reduction of LRRK2 protein levels in mouse brain, lung and kidney 

overexpressing wild-type and G2019S, but not A2016T or K1906M LRRK2. This reduction in LRRK2 

levels could be reversed by the proteasome inhibitor MG132, but not by lysosomal inhibition, while 

mRNA levels remained unaffected.57 This potential side effect might represent a hurdle for LRRK2-

inhibitor treatment in humans, and suggest that targeting LRRK2’s kinase domain could be a ‘double-

edged sword’.20 

Recently the class of 14-3-3 adapter proteins have been shown to play an important role as 

regulators of LRRK2.14–19 This highly conserved protein class is involved in a wide variety of 

physiological processes.60 Both our FP and ITC measurements showed that the binding of 

LRRK2_pS1444 to 14-3-3γ is significantly stronger than the other five reported 14-3-3 binding sites in 

LRRK2. Additionally, when this binding site is combined with another binding site (e.g. pS910 or 

pS935), the Kd value is reduced to the low nM range. Nonetheless, it is important to realize that it has 

not been shown yet whether it is sterically possible for the LRRK2 protein to exist in a conformation 

whereby a 14-3-3 dimer can simultaneously bind to both pS1444 and the disordered loop between the 

ANK and LRR domains containing pS910 and pS935. A crystal structure or model of 14-3-3 with a 

larger section of LRRK2, containing at least the ROC, LRR, and part of the ANK domain, could 

elucidate this. Furthermore, the doubly phosphorylated peptide LRRK2_pS910pS935 demonstrated to 

have a higher affinity to 14-3-3γ than LRRK2_pS1444 on its own. Additionally, the presence of the other 

three binding sites in the same, flexible region (pS860, pS955, and pS973) makes the effective 

concentration of 14-3-3 binding sites in this area relatively high. However, further analysis is necessary 

to quantify the effect of multivalency in this example.  
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Importantly, dephosphorylation of S910 and S935 takes place prior to reduction in protein levels, 

but mutation of these two sites to non-phosphorylatable alanine residues (S910A and S935A) had no 

influence on inhibitor-induced degradation of LRRK2.57 This interesting notion might hint at 14-3-3 

dissociation from LRRK2 as a mechanistic pre-requisite for LRRK2 degradation. If this would be the 

case, small-molecule stabilization of the 14-3-3/LRRK2 complex in order to inhibit kinase activity could 

simultaneously protect LRRK2 levels in peripheral organs from potentially harmful degradation. The 

biochemical and structural data of the interaction of 14-3-3 with LRRK2 presented here may be a good 

starting point for the identification and development of such a stabilizer. For example, the FP assays 

employing labelled, synthetic phosphorylated peptides comprising the 14-3-3 recognition sites pS910, 

pS935, and pS1444 can be used to screen compound libraries to identify possible PPI stabilizers. The 

assay constructs of both 14-3-3 and LRRK2 are, in addition, suited for use in alternative assay formats 

like Homogenous Time-Resolved FRET (HTRF), AlphaScreen or Thermal-Shift Assay (TSA). 

Unfortunately, crystallization of 14-3-3/LRRK2_pS1444 has so far not been successful, but the crystal 

structures of LRRK2_pS910 and LRRK2_pS935 in complex with 14-3-3 form a sound structural basis 

for assessing druggability of these PPI interfaces. Here, especially the pS935 site displays a promising 

pocket at the rim of the interface which not only returns a significant score (0.918) when analyzed with 

a binding site identification software (SiteMap, Schrӧdinger 2016-3)47, but where in other 14-3-3 

complexes a very similar pocket can be targeted with the tool compound FC-A or its derivatives. In 

addition, stabilizing the physiological target complex of 14-3-3 with the plasma membrane H+-ATPase 

(PMA2),61 fusicoccins are also able to enhance binding of 14-3-3 to C-Raf,32 ERα,41 TASK3,42 Gab2,40 

and CFTR.22 However, no stabilization of LRRK2_pS935 binding to 14-3-3 by FC-A was 

measured(Figure 3.8), which could be explained by a steric clash of residue L936 with the five-

membered ring of FC-A. Nonetheless, interrogation of the 14-3-3/LRRK2_pS935 binary crystal 

structure together with the SiteMap in silico prediction suggests a high probability of finding an 

interface-binding molecule. While the success of in silico screening techniques as applied to PPI 

interfaces has not been proven yet, this type of investigation could provide valuable starting points. 

The use of crystals of the binary complexes for soaking of fragment cocktails represents a 

complementary experimental strategy. 

In addition to the general relevance of 14-3-3 in neuroprotection28 and in particular for the 

regulation of LRRK2, it is also worth noting that the two other most prominent and best-studied gene 

products associated with PD – the ubiquitin ligase Parkin and α-Synuclein (αSyn) – are binding 

partners of 14-3-3. Parkin dysfunction represents not only a predominant cause of familial 

Parkinsonism but also a formal risk factor for the more common, sporadic form of PD62 and 14-3-3 
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proteins have been found to bind and modulate Parkin function.63 αSyn was the first gene associated 

with familial PD and linked with a number of both mutations as well as gene multiplications 

correlating with age of onset and severity of the disease.1 A specific isoform of 14-3-3, 14-3-3η has been 

shown to interact with αSyn thereby reducing the cellular toxicity of αSyn.64 Together with the findings 

that inhibition of LRRK2 might be a promising approach for PD therapy54,55 and that 14-3-3 negatively 

regulates LRRK2 activity by binding to sites that are frequently mutated in familial forms of PD.11,14–

16,21 It could therefore be envisioned that small-molecule modulation of 14-3-3 binding to PD-related 

proteins may open up new possibilities for the development of therapeutic agents in PD.  

 

3.4 Conclusions 

This chapter presents a comprehensive characterization of the biophysical and structural 

properties of the interaction between LRRK2 and 14-3-3. The combination of two phosphorylated 

binding motifs resulted in a significant increase in affinity for 14-3-3 compared to one phosphorylated 

motif. Especially the doubly phosphorylated peptide containing the pS910 and pS935 sites showed a 

remarkable near 1000-fold increase in affinity compared to the singly phosphorylated peptides. The 

pS1444 site appeared to be the strongest monovalent affinity for 14-3-3, and combinations containing 

the pS1444 site showed comparable results as the LRRK2_pS910pS935 peptide, however the 

participation of the interaction of pS1444 with the other binding sites is still questionable due to the 

location of this binding site in a totally different protein domain than the other phosphorylated sites. 

Interestingly, dephosphorylation of the pS1444 as a consequence of the PD-related mutation R1441G 

completely abolishes the 14-3-3 complex formation to this motif, hinting at a relation between the 

obstruction of 14-3-3 binding to LRRK2 and PD. Finally, the in silico evaluation of the crystal structure 

shows a potential druggable pocket at the pS935 site of LRRK2 binding to 14-3-3 which could be used 

to develop stabilizers as the basis for a novel therapeutic approaches to PD. 
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3.5 Materials and methods 

Peptide synthesis  

All peptides were synthesized via Fmoc solid phase peptide synthesis,65–67 making use of an Intavis 

MultiPep RSi peptide synthesizer. The singly phosphorylated peptides were synthesized on Rink 

amide resin (Novabiochem; 0.59 mmol/g loading) and the doubly phosphorylated peptides on 

TentaGel R RAM resin (Rapp Polymere; 0.18 mmol/g). To increase the peptide synthesis yields, 

pseudoproline dipeptide residues (Fmoc-Ile-Ser(psiMe,Mepro)-OH, Fmoc-Asp(OtBu)-

Ser(psiMe,Mepro)-OH, and Fmoc-Leu-Ser(psiMe,Mepro)-OH, Novabiochem) were incorporated in the 

synthesis of the longer, doubly phosphorylated peptides. The peptides used for ITC and crystallization 

were acetylated before deprotection and cleavage of the resin. The peptides used in the FP assay were 

labeled via an Fmoc-O1pen-OH linker (Iris Biotech GmbH) with FITC (Sigma Aldrich).  

The peptides were purified using a preparative LC-MS system that was comprised of a LCQ Deca 

XP Max (Thermo Finnigan) ion-trap mass spectrometer equipped with a Surveyor autosampler and 

Surveyor photodiode detector array (PDA) detector (Thermo Finnigan). Solvents were pumped using 

a high-pressure gradient system using two LC-8A pumps (Shimadzu) for the preparative system and 

a two LC-20AD pumps (Shimadzu) for the analytical system. The crude mixture was purified on a 

reverse-phase C18 column (Atlantis T3 prep OBD, 5 µm, 150 x 19 mm, Waters) using a flow of 20 mL 

min-1 and linear acetonitrile gradient in water with 0.1% v/v trifluoracetic acid (TFA). Fractions with 

the correct mass were collected using a PrepFC fraction collector (Gilson Inc). The purity and exact 

mass of the synthesized peptides were determined using analytical LC-MS. The mass off all peptides 

corresponded with the calculated mass, with purities >90%. As an example, the LC-MS 

characterization data of peptides LRRK2_pS1444 and LRRK2_pS910pS935 are shown in Figure 3.10. 

Expression of 14-3-3 

His6-tagged 14-3-3 proteins (full-length and ΔC) were expressed in NiCo21(DE3) competent cells 

with a pPROEX HTb plasmid (0.4 mM IPTG, overnight at 18°C), and purified using Ni2+-affinity 

chromatography. The ΔC 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. The 

proteins were dialyzed against FP, ITC, or crystallization buffers before usage (recipes described 

below).  

Fluorescence polarization assay  

The FITC-labeled peptides were dissolved in FP buffer (10 mM HEPES pH7.4, 150 mM NaCl, 

0.1% Tween20, 1 mg/mL BSA) to a final concentration of 100 nM (singly phosphorylated peptides) or 

5 nM (doubly phosphorylated peptides). In these solutions, a two-fold dilution series of 14-3-3 were 

made in Corning Black Round Bottom 384-well plates and their polarization was measured with a 

Tecan Infinite F500 plate reader (ex. = 485 nm, em. = 535 nm). Shown is the mean of three experiments 

with SD error bars. During the PPI stabilization experiments, FC-A (Enzo Life Sciences BVBA) was 

dissolved in DMSO (10 mM) before addition to the peptide solution to a final concentration of 100 µM 

(final DMSO concentration is 1%). 

Isothermal Titration Calorimetry  

The ITC measurements were performed with the Malvern MicroCal iTC200. The protein and 

peptides were dissolved in ITC-buffer (25 mM HEPES pH 7.4, 100 mM NaCl, 10 mM MgCl2, 0.5 mM 
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TCEP). One or two times 18 titrations of 2 µL were performed at 37 °C (reference power: 5 µCal/sec., 

initial delay: 60 sec., stirring speed: 750 rpm, spacing: 180 sec.). In case of two titration series the data 

was merged with ConCat32 software.  

  

Figure 3.10 | Analytical LC-MS of the purified doubly phosphorylated peptides LRRK2_pS1444, and 

LRRK2_pS910pS935, both the acetylated (ACE) and FITC labeled versions. 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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Crystallography  

The 14-3-3σ protein was C-terminally truncated after T231 to enhance crystallization (14-3-3σΔC). 
The 14-3-3 protein and peptide were dissolved in crystallization buffer (25 mM HEPES, 0.1 M NaCl, 2 
mM DTT, pH7.4) and mixed in a 1:1 stoichiometry with a final protein concentration of 10 mg/mL. 
This peptide-protein mixture was set up for sitting-drop crystallization in a home-made crystallization 
liquor (0.095 M HEPES, 0.19 M CaCl2, 26% (v/v) PEG 400, 5% (v/v) glycerol, pH7.3). Crystals were 
fished after 13 days of incubation at 4°C and flash-cooled in liquid nitrogen. Diffraction data was 
collected at the X06SA/PXI beamline (Swiss Light Source, Villigen, Switzerland). Both datasets were 
indexed and integrated using XDS68 and scaled using SCALA69. The structures were phased by 
molecular replacement, using PDB ID 4JDD41 as search model, in Phaser70, Coot71 and phenix.refine72 
were used in alternating cycles of model building and refinement. See table 3.6 for data collection, 
structure determination, and refinement. The crystal structures were submitted to the PDB with 
identifiers 5MYC and 5MY9 for 14-3-3σΔC/LRRK2_pS910pS935 and 14-3-3σΔC/LRRK2_pS935 
complexes, respectively. 

 SiteMap analysis Schrödinger 

SiteMap analysis (Schrödinger 2016-3) was performed on binary crystal structures of 14-3-
3σ/LRRK2_pS395 (PDB ID: 5MY9) or 14-3-3σ/ERα_ pS594 (PDB ID: 4JC3) where all atoms present in 
the structure constitute the receptor. Up to 5 top ranked sites (each requiring 15 site points) were 
identified using the ‘more restrictive’ definition of hydrophobicity and ‘standard’ grid. Site maps were 
cropped at 4 Å from the nearest site point. SiteScore is based on a weighted sum of several of the 
properties that are discussed below: 

SiteScore = 0.0733 sqrt(n) + 0.6688 e - 0.20 p 

Where n is the number of site points (capped at 100), e is the enclosure score, and p is the hydrophilic 
score (capped at 1.0 to limit the impact of hydrophilicity in charged and highly polar sites). This score 
is constructed and calibrated so that the average SiteScore for 157 investigated sub-micromolar sites is 
1.0. Thus, a score of greater than 1 suggests a site that is particularly drug-like. A SiteScore of 0.80 has 
been found to accurately distinguish between ligand-binding and non-ligand-binding sites based on a 
study of 538 protein-ligand complexes from PDB.48,49  
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 Table 3.6. Crystallographic statistics  
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Chapter 4 

Thermodynamic Analysis of Multivalent 14-3-3 Protein-Protein Interactions 

 

 

Abstract 

The previous two chapters present data of many different peptides binding to 14-3-3 proteins to 

give information about how two multi-phosphorylated proteins (cystic fibrosis transmembrane 

conductance regulator (CFTR) and leucine-rich repeat kinase 2 (LRRK2)) interact with 14-3-3. To give 

insight in the functions of the multivalency in 14-3-3 protein-protein interactions, this chapter 

reevaluates the binding data of the previous two chapters, compares them, and analyzes the 

thermodynamics of the interactions in more detail. A model is established based on a ditopic host-

guest system featuring the effective molarity as the prime model parameter governing the 

intramolecular binding step in the divalent interactions. The fitting of the data shows a strong enthalpy-

entropy correlation in both the CFTR and LRRK2 systems. Additionally, the effective molarity did not 

show a distance dependency at short distances of the doubly phosphorylated peptides, but did point 

out the anomaly of the LRRK2_pS910pS935 peptide which can be explained by its crystal structure. 

Finally, simulations were made for the entire phosphorylated protein domains of CFTR and LRRK2 to 

unravel the role of multiple binding sites upon 14-3-3 binding. In these simulations, the CFTR protein 

preferably binds to 14-3-3 by a combination including its strongest binding site pS768. However, when 

this site is eliminated the other binding sites take over its function leading to only minor decrease in 

affinity for 14-3-3. The simulation of the LRRK2 protein depends very much on the degree of 

participation of the most distantly located pS1444 site in the interaction. However, when two 14-3-3 

dimers are allowed to bind to one LRRK2 protein, the simulations shows that one dimer binds in the 

phosphorylation rich disordered domain of LRRK2 and another dimer binds monotonically to the 

distantly located pS1444 site.  
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4.1 Introduction 

In the previous two chapters binding data of different singly and doubly phosphorylated peptides 

binding to 14-3-3 have been presented, generated by two different binding assays: fluorescence 

polarization (FP) and isothermal titration calorimetry (ITC). This data has been used to calculate the 

dissociation constants (Kd values) of the interactions and to compare these to give information about 

how the two proteins (cystic fibrosis transmembrane conductance regulator (CFTR) and leucine-rich 

repeat kinase 2 (LRRK2)) interact with 14-3-3. Although this is a decent way to analyze the interactions, 

the calculations of the dissociation constants from the raw data have been done in the “black box” of 

modern software packages which might cause that important information is overlooked. This chapter 

takes a step back, reevaluate and compare the data from the two previous chapters, and analyze the 

thermodynamics of multivalent 14-3-3 protein-protein interactions (PPIs) in more detail, with the aim 

to assess enthalpy and entropy contributions and possible enthalpy-entropy compensation effects as 

well as signs of multivalency and cooperativity such as effective molarity (EM) and its dependence on 

molecular structure. The relevance of this is to shed light on the reasons why certain sequences bind 

stronger than others and to assess the relative weight of these sequences compared to others in binding 

to 14-3-3. This may provide new insights into the biological role of the disordered protein domains of 

CFTR, LRRK2 and similar proteins in their interaction with signaling proteins. 

Multivalent systems can be defined as systems in which particles (which can be small molecules, 

nanoparticles, nucleic acids, proteins, etc.) interact with each other by more than one non-covalent 

interaction pair.1–3 This means that one (or more) interaction has to be intramolecular. To study 

interactions between particles and assess their binding constants, titration experiments can be used, 

which (indirectly) read out equilibria between different complexes at varying concentrations. However, 

to get a good understanding of the meaning of these experiments the development of a model that 

describes this data is very important.  

Here the interpretation of the thermodynamic data of the model systems of the disordered protein 

domains of CFTR and LRRK2 binding to 14-3-3 is presented in the light of multivalent interactions. 

First, a model description for the system is established, featuring the EM as the prime model parameter 

governing the intramolecular binding step in the divalent interactions. This is followed by an analysis 

of the thermodynamic data provided by FP and ITC measurements, from which EM values and 

enthalpy-entropy compensation effects are obtained. Last, simulations are made of the binding of the 

entire multi-phosphorylated protein domains binding to 14-3-3. 
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4.2 Thermodynamic model  

A molecular host-guest description can be used to develop a model that describes the interactions 

of 14-3-3 with phosphorylated peptides. In this system, the 14-3-3 dimer acts as a ditopic host with, in 

the case of a 14-3-3 homodimer, two identical binding pockets.4 This host molecule can accommodate 

two singly phosphorylated peptides, which can be described as monotopic guest molecules, but also 

one doubly phosphorylated peptide, which can be described as a ditopic guest molecule. Furthermore, 

peptides or proteins with more than two phosphorylated binding sites, like CFTR5, LRRK26, Bcl-2-

associated death promoter (BAD)7, and tumor suppressor p538, can act as a polytopic guest molecule 

that binds to 14-3-3, but this will be addressed later in the chapter (see Section 4.5).  

The least complicated model that describes 

the thermodynamics of the divalent 14-3-3 host-

guest system is a 1:1 monovalent host-guest 

complex. Figure 4.1A shows the equilibrium 

between a monotopic host (H) and a monotopic 

guest (G), providing the host-guest complex 

(HG). The intrinsic interaction is governed by an 

association rate constant (ka,i) and a dissociation 

rate constant (kd,i). The intrinsic equilibrium 

constant (Ki) is the association rate constant 

divided by the dissociation rate constant (Figure 

4.1B). 

14-3-3 proteins are known to form stable dimers9 that can be reflected in the model by making the 

host molecule ditopic. Although this is not completely representing reality because the interaction 

between the two 14-3-3 monomers is non-covalent, this interaction is so strong that 14-3-3 dimers can 

be treated as a stable, ditopic host molecule. In Figure 4.2A the equilibrium between the ditopic host 

(H’’) and monotopic guest (G), the 1:1 host-guest complex (H’’G), and the 1:2 host-guest complex 

(H’’G2) is shown, which reflects the homo-dimeric 14-3-3 protein binding to two identical singly 

phosphorylated peptides. When it is assumed that the two binding sites of the 14-3-3 dimer act 

independently, the kinetic analysis indicates that the first binding of G to H’’ has two statistical 

possibilities, providing the rate constant for the first association step to be ka,1 = 2ka,i and for the first 

dissociation step kd,1 = kd,i. The second binding step has an association pre-factor of 1 and dissociation 

pre-factor of 2. This makes that the overall binding constant β2 = Ki
2 (Figure 4.2B). Importantly, this is 

Figure 4.1 | Model description of a monovalent 1:1 

host-guest complex. (A) The equilibrium between 

the host molecule H and guest molecule G, and 

complex HG. (B) Equilibrium and mass balance 

equations for the intrinsic interaction.  
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only true when the interaction is non-cooperative. Cooperativity (also called allosterism, or allosteric 

cooperativity) is a change of the affinity of an interaction pair caused by the presence of a neighboring 

formed interaction pair.1 Based on literature,4 own experience, and the wealth of structural data, there 

is no reason to assume that binding of a phosphorylated peptide to the 14-3-3 dimer leads to 

cooperativity and this will therefore not be included in the model. Data for singly phosphorylated 

peptides presented below confirms this, and therefore the assumption is taken for independent 

binding sites to hold for (practically) all doubly phosphorylated peptides as well. 

The evaluation of the interaction between a doubly phosphorylated peptide, seen as a ditopic guest 

G” here with two identical interaction sites, with the 14-3-3 dimer requires to take the concept of 

multivalency into account. When viewing the formation of a divalent 1:1 complex H”=G” between H” 

and G” as a sequence of steps, the first step is an intermolecular binding event of the formation of H’’-

G’’ from H’’ and G’’, which has an association pre-factor of 4 and dissociation pre-factor of 1 (Figure 

4.3A). The second step is an intramolecular binding event resulting in the formation of H’’=G’’ from 

H’’-G’’, with association pre-factor 1 and dissociation pre-factor 2. However, since the equation for the 

equilibrium constant of this step (K2 = [H’’=G’’]/[H’’-G’’]) is unitless, it cannot be compared directly to 

the intrinsic affinity constant, and an extra term called the effective molarity (EM) is needed, with unit 

M (Figure 4.3B). The EM depends, amongst others, on the length and flexibility of the linker between 

the two different binding sites, and is closely related to the effective concentration (Ceff): the probability 

that the two reactive groups find each other in the restricted volume imposed by the molecular 

connection between the sites.10 The overall affinity constant of the interaction (Kov) in this system is 

thus related to the intrinsic affinity constant by the equation Kov = 2Ki
2EM.  

Figure 4.2 | Model description of a monovalent non-cooperative 1:2 host-guest system. (A) The 

equilibrium between the ditopic host molecule H’’ and monotopic guest molecule G, complex H’’G, 

and complex H’’G2. (B) Equilibrium and mass balance equations for the interaction. 
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The doubly phosphorylated peptides coding for parts of the CFTR and LRRK2 proteins used in the 

titration experiments of the previous two chapters do not, however, contain two identical binding sites 

but consist of a different amino acid sequences at each site, which makes the system hetero-ditopic. 

Figure 4.4A shows that such a multivalent binding can occur via two pathways: first the binding of one 

binding site or first the binding of the other, followed by the binding of the remaining binding site. In 

both cases, the second binding event cannot be compared directly to the intrinsic affinity constant and 

the term EM is needed again (Figure 4.4B), which is identical for either pathway. Although the 

association and dissociation pre-factors are different than in the homo-divalent system of Figure 4.3, 

the equations for Kov of the two systems are very similar, only the square of the intrinsic affinity 

constant in the homotopic system is replaced by the product of the two different intrinsic affinity 

constants in the heterotopic case (Figure 4.4B).  

 

  

Figure 4.3 | Model description of a divalent non-cooperative 1:1 host-guest system. (A) The equilibrium 

between the ditopic host molecule H’’ and ditopic guest molecule G’’, monovalent complex H’’-G’’, 

and divalent complex H’’=G’’. (B) Equilibrium and mass balance equations for the interaction.  
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4.3 Fitting of the titration data 

Many different binding analysis techniques (FP, ITC, microscale thermophoresis (MST), surface 

plasmon resonance (SPR), nuclear magnetic resonance spectroscopy (NMR), etc.) exist that employ 

titrations to analyze PPIs or protein-peptide interactions. Every technique has its own advantages and 

disadvantages, such as the requirement for labels or other tags, the amount of materials that is needed, 

whether one of the binding partners needs to be immobilized or not, the upper and lower binding 

affinity limits, costs, duration, and complexity of the experiment, etc. When the primary goal is to 

determine binding affinities, in previous chapters reported as dissociation constants Kd with units M, 

the concentration of one of the components at which a titration is performed is ideally around or just 

above the Kd value. This puts clear restrictions on the concentration range in which the titrations are 

performed, and therefore the usability of a technique is dependent on its sensitivity in this 

concentration range. 

Figure 4.4 | Model description of a hetero-divalent non-cooperative 1:1 host-guest system. (A) The 

equilibrium between ditopic host molecule H’’ and hetero-ditopic guest molecule G’*, monovalent 

complex H’’-G’*, monovalent complex H’’-G*’, and divalent complex H’’=G’*. (B) Equilibrium and 

mass balance equations for the interaction.  
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In this thesis predominantly FP and ITC experiments have been used to analyze the binding 

between 14-3-3 and phosphorylated peptides. FP assays are relatively high throughput with only little 

material and time required, but one of the components needs to be fluorescently labeled which could 

potentially interfere with the interaction. A large advantage is the high sensitivity of most fluorescence-

based techniques, which allows the use of low concentrations, suited to assess strong interactions. ITC 

experiments on the other hand do not require any label, but consume relatively high amounts of 

material and time, and the sensitivity is rather low, so that Kd values below 0.1 µM are typically out of 

reach. ITC, however, has the prominent advantage that it is the only technique providing direct access 

to complexation enthalpies and is therefore able to yield the complete thermodynamic picture in a 

single titration experiment.  

It is important to notice that FP and ITC titration assays are very different and therefore the data 

needs to be fitted in a different manner. FP assays provide data on the degree of polarization of 

fluorescently labeled species at equilibrium. ITC monitors the heat produced during the transition 

from a non-equilibrium state (immediately after addition of an aliquot) towards an equilibrium state 

(seconds/minutes after the addition). Therefore the fit procedures used to fit the data are different. A 

spreadsheet approach is used to the fitting of sets of equilibria. The core of the process is to make a 

simulation of the equilibrium concentrations of all free, unbound species as well as all complexes that 

occur in the equilibria. In case of ITC, an extra set of species concentrations is required to describe the 

situation before equilibration, i.e., directly after addition of a new aliquot of titrant. In both cases, the 

simulation employs estimates of K values (for the overall binding and/or separate steps of the 

equilibria). Core of the fitting procedure is to translate the species concentrations into calculated values 

of a quantity that is measured by the respective experimental technique (Equation 4.1 and 4.2).  

 𝑃 =  ∑ 𝑃𝑘

𝑛

𝑘=1
(𝑐𝑘/(𝑐𝑡𝑜𝑡𝑎𝑙) =  ∑ 𝑃𝑘

𝑛

𝑘=1
𝑓𝑘 (4.1) 

 𝑄 =  ∑ 𝑄𝑘

𝑛

𝑘=1
+ 𝑄𝑑𝑖𝑙 =  ∑ Δ𝐻°𝑘Δ𝑐𝑘𝑉

𝑛

𝑘=1
+ 𝑄𝑑𝑖𝑙 (4.2) 

In Equation 4.1, P stands for the total fluorescence polarization of a sample which is the concentration-

weighted average of the polarizations of the individual (labeled) species k, ck and ctotal are the individual 

and total concentrations, respectively, of the labeled species, and fk is the fraction of the species k. In 

all titrations described here for both mono and ditopic fluorescent peptides, the fluorescent label is 

distributed over only two states, bound and unbound, associated with two different polarizations. The 

polarization of the unbound guest G (the labeled peptide) is called Pmin, and the polarization of the 

complex HG (peptide bound to 14-3-3) is Pmax. In Equation 4.2, the total heat Q evolved in the ITC assay 
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after addition of an aliquot of titrant to the cell is the sum of the complexation heats Qk of the complexes 

k involved in the equilibria plus the dilution heat Qdil, whereby the complexation heats Qk equal the 

complexation enthalpy of complex k (ΔH°k), times the concentration change of complex k upon 

equilibration, times the volume of the cell (V). These equations are used to fit the data using Microsoft 

Excel 2013 while varying either K, Pmax and Pmin (for the FP assays) or K, ΔH°, and Qdil (for the ITC 

assays) in a least-squares minimization routine. Subsequently, in the case of ITC data, the free energy 

ΔG°k and the entropy ΔS°k of the equilibria can be calculated with Equation 4.3 where K is the 

association affinity constant, T is the absolute temperature, and R is the gas constant. 

 ∆𝐺°𝑘 =  ∆𝐻°𝑘 − 𝑇∆𝑆°𝑘 = −𝑅𝑇 ln 𝐾 (4.3) 

The FP and ITC data of CFTR peptides binding to 14-3-3β and LRRK2 peptides binding to 14-3-3γ 

from Chapter 2 and 3 were fitted using equations 4.2 and 4.3 and the results are shown in Tables 4.1 

and 4.2, respectively. Unfortunately, the binding of most monovalent and some of the divalent CFTR 

peptides and some of the LRRK2 peptides to 14-3-3 is too weak to measure with ITC (marked by ‘X’). 

In such low-affinity cases, good titrations would require high concentrations that are practically limited 

by solubility and/or compound availability. Consequently, also the FP assays did not show the full 

binding curve of a number of samples making the direct fitting of the data inaccurate. However, a good 

approximation of the binding constants can be obtained by assuming that the maximum fluorescent 

polarization values are equal for all labeled peptides while binding to 14-3-3, which is plausible since 

the rotation-correlation time is determined by the slowly rotating 14-3-3 protein which is identical for 

all peptides. Therefore, the maximum polarization of the samples that did not show a full binding 

curve was set the same as for the samples that did show a full binding curve (approximately 200 mP). 

The Kd values reported in the Tables 4.1 and 4.2 for which this method is used are colored red. As an 

example of the magnitude of the error introduced by making this approximation, the data is fitted for 

one dataset of pS670 (Table 4.1; for this particular dataset, fitting with Pmax = 200 gave Kd = 630 μM) 

also with Pmax values of 150 and 250, for which Kd values of 430 and 840 μM were obtained. This 

analysis confirms that errors introduced by this approximation are relatively small (note that log K 

values are relevant for the further thermodynamic analysis). 

 



Thermodynamic Analysis of Multivalent 14-3-3 Protein-Protein Interactions 

 

- 85 - 
 

Table 4.1 | CFTR peptides binding to 14-3-3β, data acquired with FP and ITC measurements. The Kd 

values determined with the estimation that Pmax = 200 are colored red.  

CFTR 
FP (25°C) ITC (37°C) 

Kd (M) Kd (M) ΔH (kcal/mol) TΔS (kcal/mol) 

pS660 1.1 x 10-3 X X X 
pS670 6.3 x 10-4 X X X 
pS700 3.0 x 10-3 X X X 
pS712 7.0 x 10-4 X X X 
pS737 6.0 x 10-4 X X X 
pS753exa 2.4 x 10-3 X X X 
pS768 2.1 x 10-4 X X X 
pS795 7.2 x 10-4 X X X 
pS813 7.6 x 10-4 X X X 

pS660-pS670 1.0 x 10-4 X X X 
pS670-pS700 6.6 x 10-5 X X X 
pS700-pS712 1.8 x 10-4 X X X 
pS712-pS737 1.2 x 10-4 X X X 
pS737-pS753 1.2 x 10-4 X X X 
pS753-pS768 1.2 x 10-5 3.2 x 10-5 -11.0 -4.8 
pS768-pS795 2.9 x 10-6 1.3 x 10-5 -14.8 -8.1 
pS795-pS813 4.0 x 10-5 1.4 x 10-4 -20.0 -14.7 
pS712-G5-pS768b X 3.1 x 10-5 -12.3 -6.1 
pS768-G5-pS813b X 1.3 x 10-5 -9.8 -3.2 

pS753-pS768-pS795 X 7.8 x 10-6 -12.3 -5.3 

Full R-domain 3.8 x 10-6 (MST) 4.2 x 10-5 -16.4 -10.4 
a Peptide has five extra C-terminally amino acid residues based on the natural sequence to overcome solubility 
problems. b The binding sites in the peptide are connected with a non-natural glycine linker to overcome synthesis 
problems. Experiments that have not been performed are noted as ‘X’. 

Table 4.2 | LRRK2 peptides binding to 14-3-3γ, data acquired with FP and ITC measurements. The 

Kd values determined with the estimation that Pmax = 200 are colored red. The Kd values measured 

below the ITC detection limit are colored blue (in these cases the Kd value of FP used to calculate 

TΔS and are colored blue as well) and remaining inaccurate ITC values are colored red. Experiments 

that have not been performed are noted as ‘X’. 

LRRK2 
FP (25°C) ITC (37°C) 

Kd (μM) Kd (μM) ΔH (kcal/mol) TΔS (kcal/mol) 

pS860 8.6 x 10-4 X X X 
pS910 9.7 x 10-6 1.3 x 10-5 -4.9 1.8 
pS935 9.2 x 10-6 1.9 x 10-5 -7.6 -1.2 
pS955 1.4 x 10-4 1.4 x 10-4 -6.1 -0.8 
pS973 2.8 x 10-4 X X X 
pS1444exa 1.1 x 10-7 4.7 x 10-7 -10.0 -1.4 

pS860-GSG3SG-pS910b 1.7 x 10-6 2.6 x 10-6 -11.9 -4.3 
pS910-pS935 4.0 x 10-10 < 5 x 10-8 -17.1 -4.9 
pS935-pS955 3.1 x 10-8 9.7 x 10-8 -14.5 -4.3 
pS955-pS973 7.4 x 10-7 1.3 x 10-6 -6.6 1.4 
pS910-GSG3SG-pS1444exa,b 4.5 x 10-10 < 5 x 10-8 -15.7 -3.0 
pS930-GSG3SG-pS1444exa,b 2.8 x 10-10 < 5 x 10-8 -17.6 -4.6 
a Peptide has five extra C-terminally amino acid residues based on the natural sequence to overcome solubility 
problems. b The binding sites in the peptide are connected with a shorter and non-natural glycine/serine linker to 
overcome synthesis problems. Experiments that have not been performed are noted as ‘X’. 



Chapter 4 
 

- 86 - 
 

Besides to the detection limit in cases where the binding was too weak, there are also datasets 

pushing the strong binding detection limits. Doubly phosphorylated LRRK2 peptides pS910pS935, 

pS910pS1444, and pS935pS1444 bind stronger to 14-3-3γ than the detection limit of ITC (colored blue), 

and are close to the detection limits of FP. Also in this case, the proper choice of the concentrations is 

essential. Because of the way the FP titrations are performed and monitored, i.e., by measuring at a 

low and constant concentration of a fluorescently labeled small molecule (here, the peptides) while 

offering the binding protein (here, the 14-3-3 protein) at different concentrations whereby the FP data 

provide the ratio between bound and free small molecule, the concentration of the small molecule 

needs to be sufficiently low to avoid saturation at low concentrations of protein. Preferably, the peptide 

concentration is well below the Kd value. When a fitted Kd value at or below the peptide concentration 

is obtained, this is a sign of saturation and prompts a re-assessment at a lower peptide concentration. 

Therefore, some of the FP titrations (in particular those with Kd < 1 nM) were repeated at lower peptide 

concentrations (0.5 nM) to avoid binding saturation around the inflection point of the data curves, and 

their fitted Kd values are found in Table 4.2. 

 

4.4 Enthalpy-entropy correlation and effective molarity 

An additivity effect in de binding enthalpy should be visible when the linker between the binding 

sites in the doubly phosphorylated peptides does not play a role in the binding of the peptide to 14-3-3, 

so that the two phosphorylated sites behave independently. This means that the binding enthalpy of 

the interaction of the doubly phosphorylated peptides with 14-3-3 should be the sum of that of the two 

corresponding singly phosphorylated peptides. Moreover, the overall binding affinities of the doubly 

and singly phosphorylated peptides should be related by the parameter EM, as explained in Figure 4.4. 

EM can depend on structural parameters, notably the length between the binding sites, but in first 

approximation the EM is assumed to be constant for all divalent peptides. This will be refined further 

on in the analysis. 

Table 4.3 shows the binding enthalpies of the doubly phosphorylated peptides, and compares them 

with the sum of the singly phosphorylated peptide binding enthalpies. This comparison is only 

possible for the LRRK2 peptides as the binding of the singly phosphorylated peptides for all CFTR 

peptides was too low to obtain reliable binding enthalpies. For four of the LRRK2 peptides ITC data of 

both the doubly and singly phosphorylated peptides are available. Interestingly, for the values of three 

of these peptides the difference between ΔH of the doubly phosphorylated peptide and the sum of the 

ΔH of the singly phosphorylated peptides is small (<1 kcal/mol), probably within experimental error, 
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indicating little to no participation of the linker in the binding to 14-3-3. Only for peptide 

LRRK2_pS910pS935 the difference in enthalpy between the divalent peptide and the sum of the 

monovalent peptides LRRK2_pS910 and LRRK2_pS935 is significantly larger (4.6 kcal/mol) with a 

more exothermic binding of the divalent peptide. Notably, the independent behavior of the pS910 and 

pS935 sites in other doubly phosphorylated peptides is confirmed by proper additivity, thus 

underlining the special nature of the LRRK2_pS910pS935 peptide. Below it will be shown that also 

EM of this ditopic peptide is higher than expected for independent binding and higher than that of the 

other ditopic peptides, and it will be explained that this behavior is in agreement with the crystal 

structure (Figure 3.5 and 3.6) which indicates a strong involvement of the linker for this ditopic peptide 

only. When assuming that for all other ditopic peptides the role of the linker in the binding is low, the 

binding enthalpies of a number of singly phosphorylated peptides can be calculated from additivity 

based on the enthalpy of the doubly phosphorylated peptides with overlapping sequences (colored red 

in Table 4.3). For the LRRK2 system, this has been done for the pS860 and pS973 sites only, while for 

the CFTR system all monovalent binding enthalpies given in Table 4.3 have been calculated this way.  

 

  

 
Table 4.3 | The comparison between the binding enthalpies of the doubly phosphorylated peptides 

and the sum of the two corresponding singly phosphorylated peptides binding to 14-3-3. The 

calculated values are colored red. Experiments that have not been performed are noted as ‘X’. 

 ΔH mono 1 
(kcal/mol) 

ΔH mono 2 
(kcal/mol) 

Sum ΔH mono 
 (kcal/mol) 

ΔH ditopic 
(kcal/mol) 

Difference 
(kcal/mol) 

CFTR_pS753pS768 -8.7 -2.3 X -11.0  
CFTR_pS768pS795 -2.3 -12.5 X -14.8  
CFTR_pS795pS813 -12.5 -7.5 X -20.0  
CFTR_pS712pS768 -10.0 -2.3 X -12.3  
CFTR_pS768pS813 -2.3 -7.5 X -9.8  

LRRK2_pS860pS910 -7.1 -4.9 X -11.9  
LRRK2_pS910pS935 -4.9 -7.6 -12.5 -17.1 4.6 
LRRK2_pS935pS955 -7.6 -6.1 -13.7 -14.5 0.8 
LRRK2_pS955pS973 -6.1 -0.5 X -6.6  
LRRK2_pS910pS1444 -4.9 -10.0 -14.8 -15.7 0.9 
LRRK2_pS935pS1444 -7.6 -10.0 -17.6 -17.6 0.0 
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The binding enthalpies can then in turn be used to calculate the entropy values of these peptides 

using equation 4.3 and the Kd value measured with FP from Table 4.1 and 4.2. For these calculations 

it is assumed that both assays are performed at 25 °C to overcome translational difficulties between the 

two assays. The actual temperature difference of 12°C between the two assays will cause an error of 

approximately 3.8% in ΔG which is within the experimental error. Figure 4.5 shows the correlation 

between the enthalpy and entropy of the singly phosphorylated (blue circles) and doubly 

phosphorylated peptides (green squares) of both CFTR and LRRK2 binding to 14-3-3β and 14-3-3γ, 

respectively. Both the singly phosphorylated and doubly phosphorylated CFTR peptides binding to 14-

3-3β show visibly a very strong linear correlation between ΔH and TΔS, with a similar slope but 

different intercepts. Actually, when fitting the data for the singly and doubly phosphorylated CFTR 

peptides separately, very similar slopes of 1.08 and 1.10, respectively, were obtained (fits not shown). 

The difference in intercepts between the singly and doubly phosphorylated peptides can be explained 

based on the equations in Figure 4.4B (Kdi = 2Kmono,1Kmono,2EM) and Equation 4.3. When the trend line 

of the singly phosphorylated peptides is written as Equation 4.4, then the trend line of the doubly 

phosphorylated peptides can be written as Equation 4.5.  

 

 
 𝑇∆𝑆𝑚𝑜𝑛𝑜 = 𝑎 ∗ ∆𝐻𝑚𝑜𝑛𝑜 + 𝑏 

 𝑇∆𝑆𝑑𝑖 = 𝑎 ∗ ∆𝐻𝑑𝑖 + 2𝑏 + 𝑅𝑇𝑙𝑛(2𝐸𝑀𝑜𝑣) 

(4.4) 

(4.5) 

Figure 4.5 | Enthalpy (ΔH) – entropy (TΔS) correlation plots of (A) CFTR peptides binding to 14-3-3β 

and (B) LRRK2 peptides binding to 14-3-3γ. The data points of the singly phosphorylated peptides are 

plotted in blue and the doubly phosphorylated peptides in green. The formulas of the trend lines fitted 

through these data points is shown below the graphs in the corresponding color. Red data points are 

representing the triply phosphorylated CFTR_pS753pS768pS795 peptide, the full R-domain, and 

peptide LRRK2_pS910pS935, and are not used in the trend line fits. 
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Effectively, all data points for both the mono and ditopic peptides can thus be fitted with only three 

parameters, a (which is the slope that now fits both the singly and doubly phosphorylated peptides 

together), b, and the overall effective molarity EMov, which provides a more strict and more informative 

model than fitting the mono and ditopic series independently (requiring 4 parameters). For the CFTR 

peptides, a slope (a) of 1.09 was obtained, which is in excellent agreement with the values of the slopes 

of the separately fitted sets as described above. The triply phosphorylated peptide and full R-domain 

were left out of the calculations, but plotted afterwards in the graphs as red triangles. The data for these 

two molecules fits nicely on the trend line of the doubly phosphorylated peptides, which is expected 

because here also two binding sites can bind in the grooves of a 14-3-3 dimer while higher binding 

valencies are physically impossible. The enthalpy-entropy correlation of the LRRK2 peptides contain 

more noise but the same theory can be applied. The LRRK2_pS910pS935 was left out of the 

calculations but plotted afterwards in the graph with a red triangle. This peptide seems to fit on the 

enthalpy-entropy correlation line of the doubly phosphorylated LRRK2 peptides as well. This clear 

correlation between the enthalpy and entropy can possibly be explained by the number of amino acid 

residues participating in the binding to 14-3-3: more amino acid residues binding in the groove will be 

favorable in enthalpy, but the conformational restrictions the peptide has to make to bind will be 

unfavorable in entropy. 

Enthalpy-entropy correlations are often linear. This effect is also called enthalpy-entropy 

compensation, because a positive slope observed for a series of structurally similar complexes indicates 

that a tighter binding, visible by a stronger exothermic enthalpy, is associated with a more unfavorable 

binding entropy, resulting in a reduced effect on the binding free energy. The slope of the enthalpy-

entropy graph is therefore a sign of how strong a change in enthalpy is translated in a change of the 

entropy. A clear difference is here observed in the slope of the trend lines for CFTR and LRRK2, which 

could originate from the use of the different 14-3-3 isoforms (β vs γ). Yet, it is interesting to note that 

the slope for the CFTR system is close to 1, which means that any change in binding enthalpy is fully 

compensated by a change in entropy, resulting in an approximately zero change in the binding free 

energy, thus explaining the observed very similar Kd values found for this system (Table 4.1). In more 

detail, the slope is slightly higher than 1 (i.e., 1.1), which indicates that the strongest binders actually 

are entropy-driven, and that ligands with a more favorable binding enthalpy bind (slightly) less 

strongly. In contrast, the compensation effect is much smaller for LRRK2, with a slope of 

approximately 0.6, which indicates that (i) the spread in Kd values (Table 4.2) is a lot larger than for 

CFTR, and (ii) the strongest binders are the ligands with the most favorable binding enthalpies. 
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The 3-parameter fit, using a, b, and 

EMov as shown in Equations 4.4 and 4.5, 

of the TΔS vs ΔH graphs for CFTR and 

LRRK2 yields the overall effective 

molarities EMov, basically resulting from 

the difference in intercept of the mono vs 

divalent peptides. These EMov values are 

based on the rough approximation that 

the EMs are equal for all divalent 

peptides. For the CFTR system, EMov = 

5.5 mM, while for LRRK2 a value of 10.2 

mM has been obtained. The good 

agreement between these values 

corresponds with the structural similarity of the two 14-3-3 proteins used in this research. Based on the 

model depicted in Figure 4.4, the individual EM values of the doubly phosphorylated peptides can be 

calculated as well, from their Kd values and the Kd values of the singly phosphorylated peptides (Table 

4.3), using the FP binding data. With an exception of peptide LRRK2_pS910pS935, the calculated EM 

values are all between 1-26 mM (Table 4.4). These values agree well with the overall EMov values 

obtained from the enthalpy-entropy plots. To correlate these values to structure, an effective 

concentration of 1-26 mM can be converted to a distance between unbound host site and the free guest 

site of a sphere of 24.8 Å (26 mM) to 73.5 Å (1 mM), which agrees with the theoretical molecular 

distances in 14-3-3 crystallography.  

To investigate whether the ‘linker length’ has any influence on the EM, the calculated individual 

EM values were plotted against the number of amino acids between the two phosphorylated serine 

residues in the peptide in Figure 4.6. Crystal structures of 14-3-3 show that the distance between the 

two phosphorylated serine residues located in the 14-3-3 dimer is approximately 35 Å, which needs to 

be bridged by at least ten amino acid residues. One could expect to see a trend, where EM would start 

to rise around 10 amino acid residues towards an ‘optimal’ linker length, and then gradually decrease 

again. Although the EM of CFTR_pS660pS670 with a linker of only nine amino acid residues indeed 

has a low EM, the graph in Figure 4.6 does not show such a specific trend. This means that the number 

of amino acid residues between the phosphorylated serine residues does not seem to have an influence 

on the EM. However, 14-3-3 crystal structures show that the number of amino acid residues 

participating in the interaction with the 14-3-3 binding groove is different for each binding site, and 

therefore it is difficult to say how long the actual ‘linker’ is and which amino acid residues are part of 

Table 4.4 | Effective molarity of the doubly 

phosphorylated CFTR and LRRK2 peptides compared to 

the distance between the phosphorylated serine residues 

in number of amino acids.  

Peptide EM (mM) Distance (#a.a.) 

CFTR_pS660pS670 3.5 9 
CFTR_pS670pS700 14 29 
CFTR_pS700pS712 5.8 11 
CFTR_pS712pS737 1.7 24 
CFTR_pS737pS753 6.1 15 
CFTR_pS753pS768 20 14 
CFTR_pS768pS795 25 26 
CFTR_pS795pS813 6.8 17 

LRRK2_pS860pS910 2.5 19 
LRRK2_pS910pS935 110 24 
LRRK2_pS935pS955 21 19 
LRRK2_pS955pS973 26 17 
LRRK2_pS910pS1444 1.2 19 
LRRK2_pS935pS1444 1.9 19 
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the ‘binding site’. Therefore this measure for ‘linker length’ (amount of amino acid residues between 

the two phosphorylated serines) is probably not sufficient.  

Figure 4.6 shows that the EM of LRRK2_pS910pS935 is significantly higher than the other 

peptides (111 mM). Additionally, the binding enthalpy was higher than expected based on the sum of 

the binding enthalpies of the singly phosphorylated peptides (Table 4.3). Both these facts can be 

explained by looking at the crystal structure of the complex of this doubly phosphorylated peptide with 

14-3-3 (Figure 4.7). The ‘pS910 site’ of the peptide forms an alpha helix in the binding groove of 14-3-

3. By this exceptional compact packing, more amino acid residues than usual (Y917 and R918) are 

visible in the electron density, the binding of which clearly provide a contribution to the interaction. 

These two amino acid residues would theoretically be part of the ‘linker’ between the two binding sites 

and were therefore not included in the design of the singly phosphorylated peptide LRRK2_pS910. 

Therefore the ‘linker’ between the binding sites actually plays an important role in the binding leading 

Figure 4.6 | Plot of the effective molarity (EM) of the doubly phosphorylated CFTR (blue) and LRRK2 

(orange) peptides against the distance between the phosphorylated serine residues in number of amino 

acid residues. 

Figure 4.7 | The pS910 site of the LRRK2_pS910pS935 peptide (white sticks and cartoon) binding into 

the binding groove of 14-3-3σ (purple surface). The LRRK2 peptide forms an alpha helix causing more 

amino acid residues to participate in binding than usual. (Protein data bank (PDB) ID: 5MYC)6 
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to a higher EM and a higher binding enthalpy. Additionally, this data shows that the glycine/serine 

linkers used to bridge large distances between the binding sites in the LRRK2 peptides (pS860pS910, 

pS910pS1444, and pS935pS1444) all show low EMs, hinting that they have minimal interaction with 

the 14-3-3 protein. 

Analysis of the sequences of all the peptides (Figure 2.1, Figure 2.4, Table 3.1, and Table 3.2), 

revealed no correlation between the isoelectric point, charge, or hydrophilicity/hydrophobicity of the 

peptides, and the enthalpy/entropy values. Peptides containing proline residue(s), however, show both 

higher binding enthalpies and higher entropy penalties by binding to 14-3-3 than the peptides that do 

not contain any proline residues. This is especially clear when looking at the singly phosphorylated 

peptides of both the CFTR and LRRK2 protein (Figure 4.8). A possible explanation is that the presence 

of a proline residue in the peptide enhances the steric fit into the binding groove of 14-3-3, causing a 

higher binding enthalpy and a stronger conformational fixation.  

The last observation that stands is that of all singly phosphorylated peptides of the CFTR protein, 

pS768 is clearly the strongest binder but this peptide has the lowest binding enthalpy by binding to 14-

3-3, as well as a positive binding entropy (Table 4.3), which are caused by the >1 slope of the enthalpy-

entropy compensation plot as explained above. This could be accompanied by secondary structure 

formation of the peptide in solution, which is broken upon binding to 14-3-3. Also LRRK2_pS910 and 

LRRK2_pS973 have positive entropy values. These three peptides have in common that one site of the 

phosphorylated serine residue is strongly hydrophilic, and the other side hydrophobic, which could 

cause secondary structure formation in solution.  

 

Figure 4.8 | Enthalpy (ΔH) – entropy (TΔS) correlation plot of the singly phosphorylated peptides from 

both LRRK2 and CFTR binding to 14-3-3. The peptides containing proline(s) are colored orange, and 

peptides not containing proline(s) are colored blue.  
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4.5 More than two 14-3-3 binding sites 

Next to the singly and doubly phosphorylated peptides, also a CFTR peptide containing three 

neighboring phosphorylated serine resdiues was synthesized (CFTR_pS753pS768pS795). The binding 

of this peptide to 14-3-3β was measured by ITC (Table 4.1). The Kd value of this peptide is slightly lower 

than the strongest binder of the doubly phosphorylated peptides (7.8 μM vs 13 μM of 

CFTR_pS768pS795), as can be qualitatively expected. Moreover, the enthalpy and entropy values (-12.3 

kcal/mol and -5.2 kcal/mol) nicely fit on the trend line of Figure 4.5A, confirming ditopic binding with 

a very similar EM. The enthalpy change of the triply phosphorylated peptide (-12.3 kcal/mol) does not 

fit with the sum of any two of the three singly phosphorylated peptides (-8.67, -2.29, and -12.5 kcal/mol, 

for pS753, pS768, and pS795, respectively). When considering that the triply phosphorylated peptide 

may form ditopic complexes from a combination of pS753 and pS768 bound to 14-3-3 (ΔH = -11.0 

kcal/mol) and pS768 and pS795 bound to 14-3-3 (ΔH = -14.8 kcal/mol), it is clear that the observed 

enthalpy change is in between that of these two ditopic peptide motifs.  

Figure 4.9A shows the possible equilibria for this situation. It is logical to take pS768 as the pivot 

in the interaction, i.e., this site is always involved in binding, because: (i) the individual interaction of 

this site is the strongest compared to pS753 and pS795, and (ii) the site is located in between the other 

two, and therefore the EM values of the two ditopic interactions involving pS768 can be assumed to 

be higher than that of the joint binding of pS753 and pS795 (although the discussion above has 

indicated that the distance dependence is probably limited). The overall affinity can be written as the 

sum of the ditopic affinities, as shown in Figure 4.9B. When converting this back to the Kd value, the 

calculated Kd value (9.2 μM), resulting from the summation of the interactions for CFTR_pS753pS768 

and CFTR_pS768pS795, is in good agreement with the experimental value (7.8 μM). Moreover, the 

ratio between the contributing ditopic affinities is also the ratio in which the ditopic motifs are expected 

to occur in the tripeptide, i.e., approximately 70% of pS768pS795 and 30% of pS753pS768. When 

taking these values to calculate the weighted average of the ditopic enthalpy contributions, a calculated 

ΔH of -13.7 kcal/mol is found, which is, as expected, in between the values of the ditopic peptides, and 

is in reasonable agreement with (though slightly more exothermic than) the experimental value for the 

triply phosphorylated peptide. When one would only take the enthalpy values to estimate the 

contributions of pS768pS795 and pS753pS768, one arrives at a 35:65 ratio, but the error in the enthalpy 

values is too large to make a very accurate assessment. 



Chapter 4 
 

- 94 - 
 

When attempting to incorporate a minor contribution of pS753pS795 (so, excluding pS768), 

several assumptions need to be made. A Kd value of 0.37 mM is obtained by using the values obtained 

by FP (with the coarse fits using the fixed plateau value) and scaling it to allow comparison with the 

other Kd values obtained by ITC. A strongly exothermic enthalpy of -21.2 kcal/mol can be estimated 

from the values interpolated from the ditopic peptides. Even when assuming an EM (20 mM) similar 

to the other ditopic peptide motifs, the contribution of this ditopic motif to the overall binding is less 

than 5%. Moreover, the calculated binding enthalpy for the tripeptide becomes even more exothermic 

(-14.1 kcal/mol), while without assuming any contribution from this motif it is already more 

exothermic than experimentally observed. Therefore, it can be concluded that the ditopic motif 

pS753pS795 is not contributing significantly to the binding of the tritopic CFTR_pS753pS768pS795, 

in agreement with the initial assumption described above. Overall, it can concluded that both the 

affinity values and the binding enthalpies indicate the presence of sizeable contributions of both 

ditopic motifs pS753pS768 and pS768pS795 to the binding of the tripeptide, but none of the motif 

(pS753pS795) that does not involve pS768. 

Figure 4.9 | Model description of a hetero-trivalent non-cooperative 1:1 host-guest system, where the 

center binding site of the guest molecule acts as a pivot for the interaction. (A) The equilibrium 

between ditopic host molecule H’’ and hetero-tritopic guest molecule G^’*, monovalent complex H’’-

G’^*, divalent complex H’’=G’^*, and divalent complex H’’=G’*^. (B) Equilibrium and mass balance 

equations for the interaction.  
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The full CFTR R-domain was co-expressed with PKA to phosphorylate the binding sites on the 

domain. The interaction between this protein domain and 14-3-3β was measured with both MST (N-

terminally labeled with a fluorophore via a His6-tag) and ITC (see Table 4.1). It is important to notice 

that during co-expression of the CFTR R-domain with PKA, the R-domain is not completely 

phosphorylated. The deconvolution of the mass spectrometry trace of the CFTR R-domain in Figure 

4.10A shows that a variation of six to nine phosphoryl groups are added to the R-domain by PKA. When 

comparing this to a Poisson distribution, it can be estimated that the phosphorylation efficiency is 

approximately 88%. Unfortunately, it is not known which exact sites were phosphorylated. However, 

by different prediction software packages (NetPhos 3.1,11,12 GPS 3.0,13–15 and Scansite 316) an estimation 

can be made (Figure 4.10B). Based on all three software packages, S768 is most probably 

phosphorylated in all R-domain molecules. However, chances are high that S753 of the R-domain is 

only phosphorylated for a fraction of the R-domain molecules.  

The Kd value estimated from ITC (41 μM) is slightly higher than that of the strongest dimer, 

whereas one would expect it to be lower even than that of the tripeptide. Yet, the value is most likely 

within experimental error identical to what can be expected from a summation of all possible ditopic 

motifs, and taking into account the incomplete degree of phosphorylation (which blocks certain ditopic 

motifs in fractions of the R-domain molecular population). Additionally, if stronger binding sites 

would on average be less phosphorylated in the R-domain, the effect would be even stronger. The value 

Figure 4.10 | Phosphorylation state of the CFTR R-domain. (A) Deconvolution of the Q-tof mass 

spectrometry analysis of CFTR R-domain co-expressed with PKA. The masses correspond to the CFTR 

R-domain with six to nine phosphoryl groups. (B) Phosphorylation prediction of the CFTR R-domain 

of three different softwares (NetPhos 3.1,11,12 GPS 3.0,13–15 and Scansite 316). 
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determined by MST (3.8 μM) is lower, and agrees fairly well with the values obtained by FP. Yet again, 

a deeper analysis is at this stage not possible because of a lack of comparison between the different 

techniques. 

The binding enthalpy of the full R-domain binding to 14-3-3β is more exothermic (-16.4 kcal/mol) 

than that of the strongest binding doubly phosphorylated peptide CFTR_pS768pS795 (-14.8 kcal/mol) 

or the triply phosphorylated peptide CFTR_pS753pS768pS795 (-12.3 kcal/mol). There is one ditopic 

motif (CFTR_pS795pS813) for which an even more exothermic value was observed (-20.0 kcal/mol), 

so the strongly exothermic value for the R-domain may imply a contribution of this motif. Yet, the list 

of enthalpy values of possible ditopic motifs (Table 4.1) is incomplete, so contributions of other motifs 

can at this stage not be excluded. Based on the dimeric Kd values, pS795pS813 is not expected to 

contribute more than 6%, while a contribution of more than 40% would be needed to explain the more 

exothermic enthalpy observed for the R-domain. Therefore, most likely, the strong dimeric binders 

pS753pS768 and pS768pS795 still play an important role in the binding of the R-domain, but minor 

contributions of other ditopic motifs are probably present as well. Unfortunately, not enough data is 

available to draw further conclusions on the speciation of the full CFTR R-domain binding to 14-3-3. 

 

4.6 Binding simulations of the entire protein domains 

The Kd values and EMs of the different binding sites in the proteins can be used to simulate the 

binding of the whole R-domain of CFTR or the LRRK2 protein to one 14-3-3 dimer. To do so, it is 

assumed that all binding sites in the proteins are phosphorylated, and every combination of binding 

sites is able to bind to 14-3-3. Additionally the assumption is made that the 14-3-3 concentration is much 

higher than the concentration of CFTR or LRRK2. It is well-known that 14-3-3 proteins are very 

abundant in the human cell (up to 1-2% of the total amount of soluble protein, dependent on cell 

type)17, and thus most probably present in higher much concentrations than CFTR and LRRK2.  

In this simulation there are 45 different (9 monovalent and 36 divalent) modes for the nona-

phosphorylated CFTR R-domain to bind to one 14-3-3 dimer. The Kd values of all the phosphorylated 

binding sites have been measured (Table 4.1) and the EMs of the neighboring binding sites were 

calculated based on the Kd values of the doubly phosphorylated peptides and singly phosphorylated 

peptides (Table 4.4). However, the EM values of the non-neighboring binding sites are still unknown. 

Therefore, different scenarios for the complete set of EM values are considered. 
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In the first scenario, the values of the EMs of the divalent motifs are taken as measured, and make 

the assumption is made that the remaining EMs are weakly (r-3/2) distance dependent, taking EM = 10 

mM when 20 connecting amino acid residues are present between the phosphorylated serine residues, 

and EM = 10×(20/Naa)3/2 (in mM), where Naa is the number of amino acid residues between the 

phosphorylated serine residues. The distribution between the 45 different possible binding complexes 

in this situation is displayed in Figure 4.11A. The figure shows that the R-domain will start binding to 

14-3-3 at a 14-3-3 dimer concentration of around 100 nM, and most of the R-domain will be bound to 

14-3-3 at a concentration higher than 2.6 μM, which is close to the Kd value of strongest doubly 

phosphorylated binder (2.9 μM). Even though 45 possible complexes can be formed, some species 

clearly stand out as major species in the simulation (Figure 4.11). The major fraction of the R-domain 

(43.2%) binds to 14-3-3 by the combination of the pS768 and pS795 binding sites (Figure 4.11B). 

Subsequently, the pS737/pS768 and the pS753/pS768 combinations represents 10.8% and 10.2% of 

the R-domain binding to 14-3-3, respectively. Other minor contributors are the pS768/pS813 and 

pS712/pS768 combinations (4.8% and 3.8%), and all others are <3%. Interestingly, a total sum of 

77.3% of the R-domain binds, in this scenario, in a way that pS768 is involved, and the largest fraction 

in which pS768 is not involved is the pS795/pS813 combination, with only 3.2% of the R-domain. 

 

Figure 4.11 | Simulation of the species distribution of the fully phosphorylated CFTR R-domain binding 

to 14-3-3β. The simulation takes only the binding of one 14-3-3 dimer into account, uses the measured 

EM values for all measured ditopic peptides, and assumes a weak distance dependence for the other 

EM values (see text). (A) The fraction of R-domain bound to 14-3-3β at different concentrations of the 

14-3-3β dimer. The combinations which represent >3% of the total R-domain are colored, the rest is 

displayed in black. (B) The fractions of the different complexes, at a 14-3-3 dimer concentration of 1 

mM (all fractions >3% are shown).  
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Alternatively, when the EM values of all non-neighboring binding sites are not set distance 

dependent, but set to a constant value of 5 mM (equal to EMov), as inspired by the observed absence of 

a clear relationship between the EM values as discussed above, the binding is still dominated by the 

pS768/pS795 combination, but to a lesser extent (29.6%). As a result, many species are contributing 

to the overall speciation. The next most abundant combinations are then pS737/pS768, pS753/pS768, 

pS670/pS768, pS712/pS768, and pS768/pS813 (with 7.1%, 7.0%, 6.7%, 6.1%, and 5.6%, respectively). 

Also in this scenario, the pS768 site is the most important binder, and pS768/pS795 remains the most 

strongly expressed divalent motif. 

In a third scenario, only neighboring sites are taken into account, i.e., the EM values of all other 

combinations are set to zero. In this case, the binding is dominated, even more than in the scenario 

shown in Figure 4.11, by the pS768/pS795 combination (65.1%). The only other species in this scenario 

that score >3% are pS753/pS768 (15.3%) and pS795/pS813 (4.8%), whereas over 82% of the species 

contain pS768. Overall, therefore, it can be concluded that, regardless of the scenario for choosing the 

unmeasured EM values, the binding of the R-domain is dominated by pS768, and primarily by the 

pS768/pS795 ditopic motif. 

For the hexa-phosphorylated LRRK2 protein there are fewer ways possible to bind to 14-3-3 (6 

monotopic and 15 ditopic ways). However, the pS1444 site is located in a totally different protein 

domain which makes it difficult to estimate an EM value for combinations including this binding site. 

When the EMs of the LRRK2 protein are assigned the same way as done with CFTR, where the EM is 

weakly (r-3/2) distance dependent with 10 mM for 20 connecting amino acid residues, the simulation 

results in Figure 4.12A. In this scenario, the binding of the LRRK2 protein to 14-3-3 starts at a 

significantly lower concentration (10 pM) than that of the CFTR protein, and most of the LRRK2 

protein will be bound to 14-3-3 at a concentration of 0.69 nM, which is close to the Kd value of the 

strongest doubly phosphorylated binder (0.28 nM). The explicit major fraction of the LRRK2 protein 

(78.5%) binds with the combination of pS910 and pS935 to 14-3-3 (Figure 4.12, scenario A). 

Additionally, minor fractions of pS935/pS1444 and pS910/pS1444 are binding to 14-3-3 (5.2% and 

4.6%, respectively).  

However, it is important to notice that the EM of the pS910/pS935 combination in this scenario 

is very high (111 mM) and a higher than expected binding enthalpy for this doubly phosphorylated 

peptide was determined (Table 4.3). Additionally, the crystal structure of the doubly phosphorylated 

peptide suggested that more amino acid residues (which were originally thought to be part of the linker 

between the two binding sites) bind in the 14-3-3 binding groove than are present in the singly 

phosphorylated peptide pS910.6 Possibly the singly phosphorylated pS910 peptide would have bound 
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stronger to 14-3-3 if it had had more amino acid residues connected to the C-terminus. Muda et al. 

performed a similar FP assay with a peptide coding for the LRRK2 pS910 binding site binding to 14-

3-3γ, where the peptide contains 9 amino acid residues C-terminally of the phosphorylated serine 

residue instead of the 6 amino acid residues used in this research.18 They measured a Kd value of 661 

nM versus the Kd value of 9.7 μM in our research. When their Kd value is used to calculate the EM of 

LRRK2_pS910pS935, a value of 7.6 mM is found which lies within the range of the other peptides. 

Additionally, the additivity effect can be used to calculate the binding enthalpy of this longer pS910 

peptide (dHpS910 = dHpS910pS935 – dHpS935 = -9.5 kcal/mol). Subsequently, the Gibbs free energy (dG = -

8.3 kcal/mol), and entropy (TdS = -1.2 kcal/mol) can be calculated, which can be plotted on the 

enthalpy/entropy correlation line of the singly phosphorylated LRRK2 peptides. This provides an error 

of only 0.8 kcal/mol, which is within the noise of the other data points (Figure 4.5B). In Figure 4.12B 

these new parameters (Kd, pS910 = 661 nM, and EMpS910pS935 = 7.6 mM) were used for the simulation. 

This scenario shows again that the major fraction of the LRRK2 protein (53.0%) binds with the 

combination of pS910 and pS935 to 14-3-3, however the fraction of the pS910/pS1444 combination 

increased significantly to 40.3%, while the pS935/pS1444 combination decreased slightly to 3.1%.  

Figure 4.12 | Simulations of the species distribution of the fully phosphorylated LRRK2 protein binding 

to 14-3-3γ. The simulations take only the binding of one 14-3-3 dimer into account, use the measured 

EM values for all measured ditopic peptides, and assume a weak distance dependence for the other 

EM values (see text). (A) The fraction of LRRK2 bound to 14-3-3γ at different concentrations of the 14-

3-3γ dimer in the scenario of the measured Kd value of LRRK2_pS910 and EM of pS910/pS935. (B) 

The fraction of LRRK2 bound to 14-3-3γ at different concentrations of the 14-3-3γ dimer in the scenario 

of the Kd value of LRRK2_pS910 from literature,18 resulting in a lower EM for pS910/pS935 (see text). 

The combinations which represent >1% of the total LRRK2 protein are colored, the others are displayed 

in black. (C) The fractions of the different complexes, at a 14-3-3 dimer concentration of 1 mM, of the 

scenarios shown in A and B (all fractions >1% are shown). 
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When the EM of all the non-neighboring binding sites is not set distance dependent, but to the 

EMov of LRRK2 of 10 mM, the simulation appears completely different. The major fraction of the 

LRRK2 protein is then bound by the pS935/pS1444 and pS910/pS1444 binding site combinations to 

14-3-3 (45.7% and 43.2%, respectively), and only a minor fraction by pS910/pS935 (6.0%). When the 

new parameters Kd,pS910 and EMpS910pS935 are used for the calculations the major fraction is 

pS910/pS1444 (91.6%), followed by pS935/pS1444 (6.6%) and the pS910/pS935 combination 

represents only 0.9%. However, these situations do not seem very plausible considering the location 

of pS1444 with respect to the other five binding sites, where using an EM of 10 mM seems very high. 

In the opposite situation that pS1444 is physically not able to bind to 14-3-3 in combination with 

any of the other binding sites due to conformational restrictions, so the EM values of all combinations 

with pS1444 are set to zero, both scenarios have major fractions of the pS910/pS935 combination 

present (97.6% and 94.2%), confirming the pS1444 is the only site that really can have a significant 

influence (in the other scenarios shown above) apart from the pS910/pS935 motif. Interestingly, when 

the simulation in this case is expanded towards the possibility of two 14-3-3 dimers binding to one 

LRRK2 protein, the fraction pS910/pS935 is still dominant but when the concentration 14-3-3 increases 

above a concentration of 1 nM a second 14-3-3 protein starts binding (monotonically) at the pS1444 site 

(Figure 4.13). Subsequently, most of the LRRK2 protein will be bound to two 14-3-3γ dimers at a 14-3-3 

dimer concentration of 125 nM, which is close to the Kd value of the singly phosphorylated pS1444 

peptide (110 nM). 

Figure 4.13 | Simulation of the species distribution of the fully phosphorylated LRRK2 protein binding 

to two 14-3-3γ dimers. The simulation takes the binding of one and two 14-3-3 dimers into account, 

uses the measured EM values for all measured ditopic peptides, and assumes all EM values for 1444 

to be zero (see text). The graph shows the fractions of LRRK2 binding to one or two 14-3-3γ dimers at 

different concentrations of the 14-3-3γ dimer in the scenario of the measured Kd value of 

LRRK2_pS910. The combinations which represents >3% of the total LRRK2 protein are colored, the 

others are displayed in black.  
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Finally, these simulations can be used to predict what happens if one of the binding sites in the 

CFTR or LRRK2 protein is not able to bind to 14-3-3 by, for example, a point mutation or de-

phosphorylation. For example, when the pS768 is removed from the CFTR simulation as described in 

Figure 4.11, the binding is taken over by many different combinations of binding sites: pS795/pS813 

(14.0%), pS670/pS700 (8.5%), pS670/pS712 (8.4%), pS660/pS70 (5.5%), pS737pS795 (5.3%), etc. 

Interestingly, this only leads to a decrease in binding affinity of the full R-domain for 14-3-3β from 2.6 

μM to 11 μM. The removal of any of the other binding sites leads to a decrease in binding affinity 

between 2.7 μM (for pS660) and 5.1 μM (for pS795). The same action with the simulation can be 

performed for the LRRK2 protein binding to 14-3-3. However, all the different scenarios explained 

above lead to very different outcomes, so more information about the participation of pS1444 in the 

di-topic binding events is needed to make any predictions about the influence of removing binding 

sites from the LRRK2 protein. 

 

4.7 Discussion, conclusions, and outlook 

 The thermodynamic model described in section 4.2 fits the binding data of the two previous 

chapters well. The data shows no proof of cooperativity when two phosphorylated binding sites bind 

in the grooves of the 14-3-3 dimer and the EMs of most doubly phosphorylated peptides lie close 

together, independent of the 14-3-3 isoform (β vs γ). It is interesting to see that the EM values of the 

doubly phosphorylated peptides also appear to be independent of the linker length, which was not 

expected. However, since these peptides are coding for segments of proteins, there is no clear boundary 

between which amino acid residues are part of the ‘binding site’ and which amino acid residues are 

part of the ‘linker’ and therefore it is difficult to quantify the ‘linker length’. 

The major irregularity in this story is peptide LRRK2_pS910pS935. The EM of this peptide is with 

111 mM a 10-fold higher than the average of 10.3 mM of the other peptides. Additionally, the binding 

enthalpy of this doubly phosphorylated peptide binding to 14-3-3 (-17.6 kcal/mol) is significantly larger 

than the sum of the two singly phosphorylated peptides (-12.6 kcal/mol). Both of these observations 

can be explained by observations in the crystal structure of this peptide in complex with the 14-3-3 

protein. The pS910 site of the peptide forms a compact alpha helix in the binding groove of 14-3-3 by 

which the amino acid residues which were originally assigned as ‘linker’ (and therefore not present in 

singly phosphorylated peptide) are playing an important role in the active binding in the 14-3-3 binding 

groove (Figure 4.9). This means that the pS910 site is probably binding stronger to 14-3-3 than the FP 
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and ITC measurements of the singly phosphorylated peptide LRRK2_pS910 suggest but are not 

showing because the C-terminus of the synthesized peptide is too short. This is confirmed by the 

publication of Muda et al. where they found a significantly stronger affinity of a longer LRRK2_pS910 

peptide binding to 14-3-3γ.18 For future binding experiments of phosphorylated peptides binding to 14-

3-3 it is therefore important to make the peptides sufficiently long, containing eight or even more 

amino acid residues at the C-terminus of the phosphorylated serine residue, versus the six that are 

present in this research. 

The binding enthalpy-entropy correlation of the CFTR peptides binding to 14-3-3β showed to be 

linear with a slope close to 1, which means that any change in binding enthalpy is fully compensated 

by a change in entropy, resulting in very similar Kd values of the different peptides. Interestingly, the 

simulation of the binding of the full CFTR R-domain showed that the removal of one of the binding 

sites leads to only minimal effect on the overall binding affinity of the R-domain for 14-3-3. In the cell 

this could mean that a point mutation or dephosphorylation of a certain binding site in the CFTR R-

domain has only limited effect on its binding to 14-3-3, protecting the protein from losing its ability to 

bind to 14-3-3.  

The LRRK2/14-3-3 interaction has the interesting complexity that the pS1444 site is located in a 

non-adjacent domain with respect to the disordered region containing the rest of the 14-3-3 binding 

sites. The LRRK2_pS910pS935 peptide appears to be binding in the same order of magnitude as the 

LRRK2_pS910pS1444 and LRRK2_pS935pS1444. However, the distance between the pS910 and 

pS935 sites is much smaller and there is no structural proof that the pS1444 can be in close proximity 

to one of these sites. This makes it more likely that the pS910 and pS935 combination is preferred by 

14-3-3 than any of the combinations with the pS1444 site. When pS1444 is left out of from the 

simulation, the binding of the pS910/pS935 combination to 14-3-3 is one-three orders of magnitude 

stronger in affinity than the other ditopic motifs. This shows that the other binding sites probably play 

only a marginal role in the binding event. The simulation of the LRRK2 protein binding to 14-3-3 

confirms that the pS910/pS935 combination dominates over the other binding sites when the EM of 

the combinations with pS1444 is set low, related to the far distance of this binding site regarding the 

other binding sites. Interestingly, when it is simulated that two 14-3-3 dimers can bind to one LRRK2 

protein a monovalent interaction with the pS1444 site is occurring at a concentration of 125 nM. While 

this corresponds to a reasonable 14-3-3 concentration range in the cell. However, binding experiments 

using a larger LRRK2 construct have to be done to elaborate on this subject. 
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It is important to realize that the binding of the phosphorylated peptides to 14-3-3 and the 

simulation of the binding of the disordered protein domains to 14-3-3 in this chapter assumes that any 

conformation of the binding sites is possible. However, in the cell these disordered protein domains 

are located within two ordered domains, and in the case of the CFTR protein these domains are 

embedded in the plasma membrane. The connection of the termini of the disordered domains to more 

rigid particles will probably put restrictions on the possible conformations of the domains, and 

therefore the possible combinations of sites binding to 14-3-3. Therefore, it will be important to perform 

binding experiments with the whole proteins, preferable within the cell, to verify the findings in this 

chapter.  

 

4.8 Material and methods 

Peptide synthesis  

The singly and doubly phosphorylated peptides were synthesized as described in Chapter 2 and 3. 

The triply phosphorylated peptide was synthesized via Fmoc solid phase peptide synthesis making use 

of an Intavis MultiPep RSi peptide synthesizer.19–21 The peptide was synthesized on TentaGel R RAM 

resin (Rapp Polymere; 0.18 mmol/g). To increase the peptide synthesis yield, pseudoproline dipeptide 

residues (Fmoc-Ile-Ser(psiMe,Mepro)-OH and Fmoc-Ala-Ser(psiMe,Mepro)-OH, Novabiochem) were 

incorporated. The peptide was acetylated before deprotection and cleavage of the resin. The peptide 

was purified using a preparative LC-MS system that was comprised of a LCQ Deca XP Max (Thermo 

Finnigan) ion-trap mass spectrometer equipped with a Surveyor autosampler and Surveyor photodiode 

detector array (PDA) detector (Thermo Finnigan). Solvents were pumped using a high-pressure 

gradient system using two LC-8A pumps (Shimadzu) for the preparative system and a two LC-20AD 

pumps (Shimadzu) for the analytical system. The crude mixture was purified on a reverse-phase C18 

column (Atlantis T3 prep OBD, 5 µm, 150 x 19 mm, Waters) using a flow of 20 mL min-1 and linear 

acetonitrile gradient in water with 0.1% v/v trifluoracetic acid (TFA). Fractions with the correct mass 

were collected using a PrepFC fraction collector (Gilson Inc). The purity and exact mass of the 

synthesized peptide was determined using analytical LC-MS. The mass off the peptide corresponded 

with the calculated mass, with a purity >90% (Figure 3.14). 

Expression of 14-3-3  

His6-tagged 14-3-3 proteins were expressed in NiCo21(DE3) competent cells with a pPROEX HTb 

plasmid (0.4 mM IPTG, overnight at 18°C), and purified using Ni2+-affinity chromatography. The 

proteins were dialyzed against FP or ITC buffer before usage (recipes described below). The 14-3-3 

proteins for MST was treated with TEV-protease to cleave off the His6-tag, followed by a second Ni2+-

affinity column and size exclusion chromatography. 
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Fluorescence polarization assay  

The FITC-labeled peptides were dissolved in FP buffer (10 mM HEPES pH7.4, 150 mM NaCl, 

0.1% Tween20, 1 mg/mL BSA) to a final concentration of 100 nM (CFTR peptides and singly 

phosphorylated LRRK2 peptides), 5 nM (LRRK2_pS860pS910, LRRK2_pS935pS955, and 

LRRK2_pS955pS973), or 0.5 nM (LRRK2_pS910pS935, LRRK2_pS910pS1444, and 

LRRK2_pS935pS144). In these solutions, a two-fold dilution series of 14-3-3 were made in Corning 

Black Round Bottom 384-well plates or Grainer Black Flat Bottom 96-well plate (for 

LRRK2_pS910pS935, LRRK2_pS910pS1444, and LRRK2_pS935pS144) and their polarization was 

measured with a Tecan Infinite F500 plate reader (ex. = 485 nm, em. = 535 nm). Shown is the mean 

of three experiments.  

Isothermal titration calorimetry  

The ITC measurements were performed with the Malvern MicroCal iTC200. The protein and 

peptides were dissolved in ITC-buffer (25 mM HEPES pH 7.4, 100 mM NaCl, 10 mM MgCl2, 0.5 mM 

TCEP). One or two times 18 titrations of 2 µL were performed at 37 °C (reference power: 5 µCal/sec., 

initial delay: 60 sec., stirring speed: 750 rpm, spacing: 180 sec.). In case of two titration series the data 

was merged with ConCat32 software.  

Expression of CFTR R-domain  

N-terminally His6-SUMO-tagged CFTR R-domain was co-expressed with SUMO-tagged PKA from 

pCDF-duet plasmids in NiCo21(DE3) competent cells (0.2 mM IPTG, overnight at 18°C), and purified 

using Ni2+-affinity chromatography. For ITC, the His6-SUMO tag was removed using dtUD1 protease 

and a second Ni2+-affinity chromatography purification step. The proteins were dialyzed against ITC 

buffer before use. 

Qtof-MS analysis 

Purity and exact mass of the CFTR R-domain was determined using a High Resolution LC-MS 

system consisting of a Waters ACQUITY UPLC I-Class system coupled to a Xevo G2 Quadrupole Time 

of Flight (Q-ToF). The system was comprised of a Binary Solvent Manager and a Sample Manager with 

Fixed-Loop (SM-FL). The protein was separated (0.3 mL min-1) by the column (Polaris C18A reverse 

phase column 2.0 x 100 mm, Agilent) using a 15% to 75% acetonitrile gradient in water supplemented 

Figure 2.16 | Analytical LC-MS of the purified acetylated and triply phosphorylated peptide 

CFTR_pS753pS768pS795. 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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with 0.1% v/v formic acid before analysis in positive mode in the mass spectrometer. Deconvolution 

of the m/z spectra was done using the MaxENT1 algorithm in the Masslynx v4.1 (SCN862) software. 

Microscale thermophoresis  

 The His6-SUMO-tagged CFTR R-domain was labeled with the Monolith NTTM His-Tag RED-

tris-NTA labeling Kit, following the included protocol. A two-times dilution series of 14-3-3β was made 

in the presence of 50 nM labeled CFTR R-domain which was measured in Standard Treated Capillaries 

(MO-Z002) with the MonolithTM NT.115 of NanoTemper (LED power: 40%, MST power: 40%, red 

LED, RT). The Temperature Jump was used for Analysis.  
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Chapter 5 

Identification of Small-Molecule 14-3-3/CFTR stabilizers 

 

 

Abstract 

Cystic fibrosis (CF) is defined by lack of functional CFTR in the plasma membrane in epithelial 

cells. The binding of 14-3-3 to the CF transmembrane conductance regulator (CFTR) has been found 

to enhance CFTR trafficking towards the plasma membrane. Stabilization of the interaction between 

CFTR and 14-3-3 by the natural compound Fusicoccin A (FC-A) is beneficial for the trafficking of 

mutated CFTR to the plasma membrane. However, FC-A is a difficult compound for CF drug 

development due to its complexity and lack of specificity. A high-throughput assay was created to 

screen for more stabilizers for the CFTR/14-3-3 interaction using different small-molecule libraries. 

Several hit compounds showed promising results in both localization and functional cellular CFTR 

assays. Additionally, X-ray crystallographic studies of one of the 14-3-3/CFTR-peptide/compound 

complexes showed a preciously uncharacterized site of binding and stabilization mechanism for 14-3-

3 interactions. 
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5.1 Introduction 

Chapter 2 shows the proof of principle for stabilizing the interaction between 14-3-3 and the 

specific pS753 binding site of the cystic fibrosis transmembrane conductance regulator (CFTR) with 

small-molecule stabilizer fusicoccin A (FC-A). Additionally, this molecule displays a corrector activity 

in the trafficking of F508del-CFTR to the plasma membrane.1 However, FC-A has shown to also 

stabilize a number of other mammalian 14-3-3 protein-protein interactions (PPIs) (e.g. glycoprotein 

Ibα2, estrogen receptor α (ERα)3, and potassium channel TASK34) and because of the structural 

similarities in binding of 14-3-3 PPI partners in the binding groove of 14-3-3, it is likely that FC-A 

stabilizes other as yet uncharacterized.5 Additionally, CFTR correcting assays did not show a response 

to FC-A treatment on the ion transport of the plasma membrane. To make FC-A more specific for the 

14-3-3/CFTR interaction, the molecule could be chemically expanded towards amino acid residues of 

the CFTR protein. As a matter of fact, previous semi-synthesis work on FC-A has achieved increased 

potency and specificity for certain 14-3-3 PPIs, but is still very challanging.4 The molecular complexity 

of FC-A molecule means that its total synthesis has not been achieved yet, which makes follow-up steps 

in drug discovery problematic. Therefore, the discovery of a different chemotype that acts similarly on 

the interaction between CFTR and 14-3-3, but with an improved drug profile, would contribute towards 

establishing this mode of action as a therapeutic approach for cystic fibrosis (CF). 

Finding molecules that modulate PPIs is generally considered to be difficult to achieve because 

PPIs have relatively large surface areas involved in their binding motifs.6 Additionally, whereas PPI 

inhibitors can be designed that mimics one of the PPI partners, for the search for stabilizers a suitable, 

composite binding interface needs to be found which makes rational design more challenging. In this 

case the FC-A molecule could be used as an inspiration for rational design. However, to be open for 

other mechanisms of actions for the 14-3-3/CFTR stabilization and not only focus on the ‘fusicoccin 

pocket’, it was chosen to use high throughput screening (HTS) to find more stabilizers for the 14-3-

3/CFTR interaction.  
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5.2 Results 

5.2.1 Set-up of the high-throughput screen 

The principle advantages of fluorescence polarization (FP) assays over many other biochemical 

assays to analyze PPI modulation are the low protein/reagent requirement, speed, and low assay costs.7 

Additionally, previous chapters showed this assay to be very stable for measuring labeled-peptide 

binding to 14-3-3 proteins, with and without candidate stabilizer compounds, and the addition of 

DMSO to the assay to have only minimal effect. These properties makes this assay very suitable for 

HTS when using DMSO-dissolved compound libraries. Since the binding of the pS753 site of CFTR to 

14-3-3 was shown to be amenable to stabilization with FC-A, and the pS768 site of CFTR was shown 

to be the most potent binding site in the 14-3-3/CFTR interaction, these two sites were used in the HTS 

for stabilizers. Based on the FP results of Chapter 2, an assay was set up to screen for stabilizers of the 

14-3-3 CFTR interaction. Figure 5.1 shows the FP assay of N-terminally FITC-labeled 

CFTR_pS753pS768 with 14-3-3β in the absence and presence of FC-A. Based on these results a 14-3-3 

concentration of 10 μM (~EC25) was chosen to perform the HTS. The addition of a stabilizing molecule 

to this 14-3-3/CFTR peptide mixture will lead to an increase in polarization. To eliminate molecules 

that aggregate with the labeled peptide, a data point without 14-3-3 was also measured for each 

compound.  

  

Figure 5.1 | Fluorescence polarization (FP) assay of fluorescein isothiocyanate (FITC)-labeled 

CFTR_pS753pS768 peptide (100 nM) with 14-3-3β, in the absence (black) or presence (purple) of 100 

μM Fusicoccin A (FC-A). The 14-3-3β concentration used for the high throughput screening (HTS) FP 

assay is 10 μM (dashed line). Background polarization was subtracted from all values. Mean of three 

experiments, standard deviation (SD) error bars are smaller than the data point symbols. 
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5.2.2 The small-molecule libraries 

Four libraries were screened using the HTS FP assay. The first library was commercially available 

from ChemBridge Corporation containing 4800 compounds which are representative for the 

companies library of one million drug-like molecules. An advantage of this library is that analogs of 

potential hit compounds can be searched and ordered via their website. The second library was a 

BioActive library containing 3921 small molecules, which are pharmacologically active in a wide range 

of medical applications. The third library consisted of 5760 compounds owned by company Cyclenium 

Pharma inc. This company produces macrocycles with a MW range of 320 to 850 Da amenable to rapid 

high-throughput solid-phase optimization. The last library was aberrant in the sense that it did not 

contain single compounds but instead 5760 different marine extracts from the Pacific Ocean. The 

compound concentrations of the first three libraries were 10 mM compound in DMSO. The marine 

extracts have an estimated concentration of total molecules of 10 mM in DMSO. FC-A was added to 

each screening plate as a positive control, and DMSO as a negative control. 

5.2.3 Hit compound selection 

The HTS was set up in a 20 μL format in 384-well plates, and approximately 0.1 μL (final 

concentration = 50 μM) compound was added using a pin-tool system, dependent on the viscosity of 

the solution. To monitor for the assay quality, the Z’ was calculated based on the positive and negative 

controls on each plate (Figure 5.2). The larger the Z’ of an assay, the higher the data quality of an HTS 

assay. Most plates had a Z’ between 0.5 and 1.0, which is commonly interpreted as an excellent assay, 

while a few plates used to screen the Cyclenium compounds had a Z’ between 0.0 and 0.5, which can 

be interpreted as a marginal assay.8  

  

Figure 5.2 | Z’ of all HTS plates. Z’ between 0.5 and 1.0 is commonly interpreted as an excellent assay 

and Z’ between 0.0 and 0.5 is commonly interpreted as a marginal assay.25 
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Hit compounds were selected based on a polarization increase above 20% of the response of 

positive control FC-A upon addition of test compound (see Figure 5.3). After this, false positives which 

showed high polarization without addition of 14-3-3 were removed (red squares in Figure 5.2). 

Additionally, hit compounds that showed a relatively high or low total photon count are depicted in 

orange triangles in Figure 5.2 and should be treated with care. These results could indicate a 

fluorescent compound, a compound that quenches the fluorophore, peptide aggregation, or other 

complications during the assay, and were therefore analyzed a second time. Finally, a total number of 

83 compounds were selected for follow-up studies (Table 5.1). 

 

Figure 5.3 | HTS FP assay of the four different compound/extract libraries: (A) ChemBridge library, 

(B) BioActive library, (C) Cyclenium library, and (D) Marine extract library. The samples contain 100 

nM of FITC-CFTR_pS753pS768 peptide, 10 μM 14-3-3β, and approximately 50 μM compound, 

dependent on the viscosity of the solution. FC-A was added as a positive control and DMSO as the 

negative control. Hit compounds are defined as a polarization increase which is higher than 20% of 

the response of FC-A. Red squares are compounds that appeared positive in the negative control 

without 14-3-3. Orange triangles gave a suspicious high or low total photon count and need to be treated 

with care.  
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5.2.4 Follow-up studies 

The total of 83 hit compounds from the HTS FP assay were followed up with an eight-point dose-

response FP assay, using FITC labeled CFTR_pS753pS768 (100 nM) with 14-3-3β (10 μM) and FITC 

labeled CFTR_pS753pS768 without 14-3-3β (Figure 5.4, 5.7, 5.9, and 5.13). Samples that showed a 

significant increase in polarization in this assay, and not in the negative control, were chosen for 

further analysis.  

ChemBridge library 

Four compounds from the ChemBridge library showed significant effect in the eight-point dose-

response assay: CB5268532, CB5320576, CB5523248, and CB9036458 (Figure 5.4). The chemical 

structures of these compounds are shown in Figure 5.5. It is striking that all four structures have 

similarities in their overall structure in particular the presence of a (thio)anisole moiety. These four 

compounds were analyzed with an FP assay titrating 14-3-3β under different concentrations of 

compound. The FP assay shows a 4.6, 7.2, 3.4, and 1.5-fold increase in affinity of CFTR_pS753pS768 

peptide for 14-3-3β upon addition of 200 µm compound, respectively (Figure 5.6A). These values were 

close to the 5.3-fold increase upon addition of 200 µm FC-A in this assay. However, CB5320576 was 

not dose responding and shows unexpected binding curves. 1-bromo-1-nitro styrene compounds such  

Table 5.1 | The number of compounds in the different libraries tested in the HTS FP assay, and the 

number of hit compounds. 

 ChemBridge BioActive Cyclenium Marine Extracts 

Total 4800 3921 5760 2320 
Hits (>20% of FC-A) 13 49 24 105 
Without false positives 10 34 12 27 

Figure 5.4 | The eight-point dose-response FP follow-up assay of the ChemBridge library hit 

compounds stabilizing the interaction between 14-3-3β (10 μM) and FITC labeled CFTR_pS753pS768 

(100 nM) peptide. Background polarization was subtracted from all values. Mean of three experiments, 

error bars are SD. Compounds selected for further analysis are displayed in bold.  
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Figure 5.5 | Chemical structures of the four hit compounds from the ChemBridge library that stabilize 

the 14-3-3β/CFTR_pS753pS768 interaction, selected for further analysis. 

Figure 5.6 | Stabilization of the interaction between 14-3-3β and CFTR_pS753pS768 by compounds 

from the ChemBridge library. (A) FP assay of FITC-labeled CFTR_pS753pS768 (100 nM) with 14-3-

3β, in the presence of different concentrations FC-A, CB5268532, and CB5523248. (B) ITC results of 

CFTR_pS753pS768 (500 μM) titrated into 14-3-3β (50 μM) with CB5268532 or CB5523248 (200 μM). 
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as this are well known to be electrophilic.9 Therefore reaction with, for example, cysteine residues on 

the 14-3-3 protein, would likely explain the aberrant binding curves observed. ITC assays were done 

with CB5268532 and CB5523248 which showed less conclusive results than the FP assay; 2.1 and 1.3-

fold increase in affinity were observed upon addition of 200 μM compound (Figure 5.6B). 

BioActive library 

The eight-point dose-response assay of the hit compounds from the BioActive library delivered 

four compounds. Each compound showed a significant increase in polarization in the presence of the 

compound when both fluorescently labeled peptide CFTR_pS753pS768 and 14-3-3β were present, but 

not when 14-3-3β was absent (Figure 5.7). The chemical structures and names of these compounds are 

Figure 5.7 | The eight-point dose-response FP follow-up assay of the BioActive library hit compounds 

stabilizing the interaction between 14-3-3 (10 μM) and labeled CFTR_pS753pS768 (100 nM) peptide. 

Background polarization was subtracted from all values. Mean of three experiments, error bars are 

SD. Compounds selected for further analysis are displayed in bold. 
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displayed in figure 5.8. The first compound, Aminacrine, is an anti-infective dye used as a topical 

antiseptic and is experimentally used as a mutagen, due to its interaction with DNA.10 However, 

because this compound is a DNA intercalator it could lead to complications in further drug discovery 

and was therefore not used for further analysis. The second hit, Acrisorcin, consists of two different 

molecules of which one is Aminacrine. Since it is expected that this is the active compound in this 

mixture this bioactive mixture was also left out of further analysis. The third compound was 

Sibutramine, an oral anorexiant which is used in treatment of exogenous obesity.11 However, due to 

the association of the drug with increased cardiovascular events and strokes the FDA recommended 

against its use in 2010 (reference FDA ID: 2846687) and the drug has been withdrawn from the 

market in several countries, including the Netherlands. The compound was ordered but, due to 

barriers to import this compound, was not analyzed further. The last compound from this library was 

Trichlormethine, a nitrogen mustard vesicant that has application in chemical warfare and has been 

used as a cytostatic alkylating agent in anti-cancer therapy. Its structure suggests that the compound 

acted by covalent adduction to nucleophiles of both peptide and protein and was therefore not 

considered suitable for further drug development.12  

  

Figure 5.8 | Chemical structures and names of the four hit compounds of the BioActive library that 

stabilize the 14-3-3β / CFTR_pS753pS768 interaction. Due to a variation of reasons, none of these 

compounds were selected for further analysis.  
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Cyclenium library 

Seven initial hit compounds were found in the eight-point dose-response assay of the Cyclenium 

library (Figure 5.9). Due to confidentiality reasons the chemical structures of these compounds cannot 

be disclosed, but the seven hit compounds belonged within four chemotypes produced by Cyclenium 

Pharma. Based on these chemotypes a validation library of 234 compounds was designed around the 

best hit compound of each chemotype (CY002, CY005, CY007, and CY011) and 246 new compounds 

were designed. The total of 480 compounds were analyzed with the same HTS FP assay as described 

above and the results are shown in Figure 5.10A where the initial hit compounds from the previous 

library are shown as green stars. Based on these results and the chemical structures of the compounds, 

twelve compounds from this library were selected for further analysis (displayed as purple diamonds). 

 Figure 5.11B shows a dose-response FP assay of these 12 compounds with and without 14-3-3β. 

Four of these compounds were false positives as they gave a clear response in the negative control 

without 14-3-3 protein and were eliminated for further analysis. All other compounds were followed 

up with an FP assay where 14-3-3β was titrated in the presence of different concentrations of compound 

(Figure 5.11). All graphs show a dose-response effect on the interaction between 14-3-3 and 

CFTR_pS753pS768 by the compounds. However, the graphs show a different shape than seen with 

stabilization by FC-A. The maximum polarization was higher in the presence of the Cyclenium 

compounds than in the presence of FC-A, which could be explained by a different mechanism of action 

or binding modus, closer to the fluorophore of the peptide. However, at higher concentrations of 14-3-

3 the polarization drops again. Possible reasons for this will be discussed later in this chapter. It is 

Figure 5.9 | The eight-point dose-response FP follow-up assay of the Cyclenium library hit compounds 

stabilizing the interaction between 14-3-3 (10 μM) and labeled CFTR_pS753pS768 (100 nM) peptide. 

Background polarization was subtracted from all values. Mean of three experiments, error bars are 

SD. Compounds selected for further analysis are displayed in bold. 
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important to notice that the Kd values of the binding curves with compound were close to the detection 

limit of the assay determined by the peptide concentration of 100 nM. Because of these reasons, this 

data should be treated with care and the quantification of the stabilization effect is difficult. However, 

compound CY018 appears to have the strongest influence on the PPI.  

  

Figure 5.10 | Results of the second Cyclenium library that consists of hit compound validations and 

new compounds. (A) HTS FP of all 480 compounds. The samples contain 100 nM of FITC-

CFTR_pS753pS768 peptide, 10 μM 14-3-3β, and approximately 125 μM compound, dependent on the 

compound stock concentration. The positive control is FC-A and negative control DMSO. Green stars 

are the initial hit compounds from previous library and the purple diamonds are selected for the 

follow-up screen. (B) Dose-response FP follow-up assay of the selected hit compounds stabilizing the 

interaction between 14-3-3β (10 μM) and labeled CFTR_pS753pS768 (100 nM) peptide. Background 

polarization was subtracted from all values. Compounds selected for further analysis are displayed in 

bold. 
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To gain more certainty on the stabilization effect of compound CY018 on the 14-3-

3β/CFTR_pS753pS768, another FP assay was performed with a lower peptide concentration of 10 nM 

(Figure 5.12A). Additionally, the additive effect of FC-A and the Cyclenium compound was evaluated. 

The affinity of the CFTR peptide for 14-3-3 increased a 230-fold upon addition of 100μM CY018. 

Simultaneous addition of both CY018 and FC-A led to a 670-fold increase in affinity. It is important 

to note that this assay was, again, measuring close to the detection limit set by the 10 nM concentration 

of peptide, while measuring Kd values around 20 nM. The ITC measurements of the 

CFTR_pS753pS768 peptide titrated into 14-3-3β in the absence or presence of CY018 (Figure 5.12B) 

showed a significantly lower effect upon addition of the compound (up to 3-fold increase of affinity by 

addition of 800 μM compound).  

  

Figure 5.11 | Stabilization of the interaction between 14-3-3β and CFTR_pS753pS768 by compounds 

from the the second Cyclenium library. FP assay of FITC-labeled CFTR_pS753pS768 with 14-3-3β in 

the presence of different concentrations of the compound.  
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Marine-extract library 

The eight-point dose-response follow-up assay of the Marine Extract hits in Figure 5.13 shows a 

significant increase in polarization upon addition of all extracts and not in the negative control without 

14-3-3β. To make a selection for further analysis these results were compared with an F508del-CFTR 

HTS trafficking assay performed earlier by Graeme Carlile at McGill University.13 Four of the hit 

extracts in the FP assay also appeared as a ‘weak hit’ in the HTS trafficking assay: ME1909-C08, 

ME1910-B09, ME1912-G04, and MERJAUBC6-C02. These extracts originate from different sponges 

in the Pacific Ocean (Table 5.2). Three of these four extracts were available in stock for further analysis. 

These samples were fractionated using an LH20 column and the fractions were analyzed in another 

dose-response FP assay (Figure 5.14A) where fractions IN04-32 AQ and IN04-117 AQ appeared as hits. 

Last, an FP assay was performed where 14-3-3β was titrated in the CFTR_pS753pS768 peptide (100 

nM) in the presence of an estimated extract concentration of 500 μM, the extracts showed 87-fold and 

52-fold increase in affinity (Figure 5.15B). The addition of FC-A did not show a difference in affinity. 

Figure 5.12 | Stabilization of the interaction between 14-3-3β and CFTR_pS753pS768 by CY018. (A) FP 

assay of FITC-labeled CFTR_pS753pS768 (10 nM) with 14-3-3β in the presence of 100 μM of FC-A, 

CY018, or both compounds. (B) ITC results of CFTR_pS753pS768 (1 mM) titrated into 14-3-3β (200 

μM) in the presence of different concentrations of CY018. 
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However, the maximum polarization increased, which could hint towards a different mode of action 

of the marine extracts and the FC-A compound.  

 

Figure 5.13 | The eight-point dose-response FP follow-up assay of the Marine Extract library hits 

stabilizing the interaction between 14-3-3 (10 μM) and labeled CFTR_pS753pS768 (100 nM) peptide. 

Background polarization was subtracted from all values. Mean of three experiments, error bars are 

SD. Extracts that appeared as a hit in an F508del-CFTR HTS trafficking assay performed earlier by 

Graeme Carlile at McGill University were selected for further analysis and are displayed in bold. 
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Table 5.2 | Hit extracts from the HTS FP assay that also appeared as a weak hit in an F508del-CFTR 

HTS trafficking assay, their extract ID numbers and the organism they originate from. 

Original code: Extract ID: Organisms: 

ME1909-C08 IN04-32 Indonesian sponge 
ME1910-B09 IN04-117 Indonesian sponge 
ME1912-G04 IOM99-269 Isle of Mann sponge 
MERJAUBC6-C02 PM55463 Phizer Menado Sponge 

Figure 5.14 | Stabilization of the interaction between 14-3-3β and CFTR_pS753pS768 by marine 

extracts. (A) Dose-response FP follow-up assay of fractions of the Marine Extract library hits stabilizing 

the interaction between 14-3-3β (10 μM) and FITC labeled CFTR_pS753pS768 peptide (100 nM). 

Background polarization was subtracted from all values. Mean of three experiments, error bars are 

SD. (B) FP assay of FITC-labeled CFTR_pS753pS768 (100 nM) with 14-3-3β in the presence of FC-A, 

IN04-32 AQ, and IN04-117 AQ, and combinations.  
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 5.2.5 Crystallography 

The final hit compounds and extracts of the libraries (CB5268532, CB5523248, CY013, CY018, 

CY019, CY020, CY021, CY022, CY023, CY024, IN04-32 AQ, and IN04-117 AQ) were set up for 

crystallization with 14-3-3β and CFTR_pS753pS768, in both crystal soaking and co-crystallization 

experiments. Co-crystallization of the CY018 compound formed crystals of which a crystal structure 

was obtained with a resolution of 1.78 Å (Figure 5.15). Interpretable density for 21 out of 28 amino acid 

residues of the CFTR_pS753pS768 (A747 to T757 and R765 to T774) was found (Figure 5.15A). The 

protein structure showed, similar to the crystal structure without compound in Chapter 2, that both 

phosphorylated binding motifs of the peptides are binding simultaneously to one 14-3-3 dimer. The 

difference density map directly calculated after molecular replacement with 14-3-3 and the 

CFTR_pS753pS768 peptide as model showed unambiguous, unbiased density for compound CY018. 

Due to confidentiality reasons the chemical structure of the compound is not shown. However, the 

electron density of the compound in Figure 5.15B showed that the compound is binding to the pS753 

site of the peptide, having contact with both the peptide and the 14-3-3 protein, but not at the pS768 

site. CY018 holds the peptide in place by bridging over the peptide and connecting both in the top and 

the bottom of the 14-3-3 binding groove. The CY018 molecule is located at a different place than the 

pocket where FC-A is known to bind (Figure 5.15B).  

Further analysis of the same difference density map showed, although less distinct, another CY018 

molecule in the crystal structure (Figure 5.16A). This molecule is located on the border of the two 14-

3-3 protomers, partially covering the 14-3-3 dimer cavity and having contact with the first CY018 

molecule. However, the position of the symmetry elements showed tetramer formation of the 14-3-3 

proteins, as seen in Chapter 2, and the second CY018 molecule is located tightly between the two 14-

3-3 dimers. It is therefore difficult to say if this second CY018 molecule is also present in solution or 

whether it is a crystallization effect. 
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Figure 5.15 | Crystal structure of 14-3-3β and the CFTR_pS753pS768 peptide in complex with CY018. 

(A) A top view of the crystal structure of the CFTR_pS753pS768 peptide (purple rods) bound to a 14-

3-3β dimer (grey/white semi-transparent surface), and the electron density of compound CY018 (pink 

mesh). (B) Close-up of the electron density of CY018 holding the pS753 site of the peptide in place by 

connecting with the peptide and the top and bottom of the 14-3-3 binding groove. (C) The CY018 

compound located differently than the FC-A binding pocket. Final 2FO – FC electron density map of 

CY018 is contoured at 1.0 σ. See table 5.3 for data collection and refinement details. 
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Figure 5.16 | The crystal structure of 14-3-3β and CFTR_pS753pS768 in complex with CY018 shows 
another compound molecule. (A) A top view of the crystal structure of the CFTR_pS753pS768 peptide 
(purple rods) bound to a 14-3-3β dimer (grey/white semi-transparent surface), and the electron density 
of compound CY018 #1 (pink mesh) and compound CY018 #2 (purple mesh). Additionally, a close-up 
of the electron densities of the two CY018 molecules is shown. (B) The crystal packing of the 14-3-3β / 
CFTR_pS753pS768 / CY018 structure. Final 2FO – FC electron density map of the CY018 molecules is 
contoured at 1σ. See table 5.3 for data collection and refinement details. 
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5.2.6 Cellular response 

The final twelve Cyclenium hit compounds were tested for their effect on F508del-CFTR 

trafficking in cells. Baby hamster kidney (BHK) cells expressing 3HA-tagged F508del-CFTR were 

treated for 24 hours with 10 μM compound. After fixation of the cells, the combination of mouse 

monoclonal anti-HA antibody and anti-mouse IgG conjugated with FITC was used to detect F508del-

CFTR that had trafficked to the plasma membrane, as described by Carlile et al.13 (Figure 5.17). The 

data was normalized to non-treated wild type (wt)-CFTR expressing BKH cells (100%) and non-treated 

F508del-CFTR expressing BKH cells (0%). CY018 showed the strongest increase of F508del-CFTR 

trafficking towards the plasma membrane, followed by CY022, CY021, and CY016, respectively.  

  

Figure 5.17 | The F508del-CFTR trafficking assay after treatment with different 12 Cyclenium 

compounds. 3HA-tagged F508del-CFTR expressing (BHK) cells were treated for 24h with 10μM 

compound. After fixation, the cells were treated with mouse monoclonal anti-HA antibody and anti-

mouse IgG conjugated with FITC. Fluorescence units were measured with a plate reader and 

background fluorescence was subtracted. The data was normalized to non-treated wild type (wt)-CFTR 

expressing BKH cells (100%) and non-treated F508del-CFTR expressing BKH cells (0%). N=7, error 

bars are describing SD. 
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Additionally, a fluorescence imaging plate reader (FLIPR) Membrane Potential (FMP) assay was 

performed with the same twelve Cyclenium compounds. This assay measures real-time membrane 

potential changes associated with ion channel activation and ion transporter proteins. F508del-CFTR 

expressing BHK cells were incubated for 24 hours with 20 μM compound before treatment with 

potentiator Genistein, FMP dye, and activator Forskolin. The fluorescence intensity is a measure for 

the function of the CFTR protein in the plasma membrane of the cells. F508del-CFTR corrector VX-

809 was used as a positive control in this assay. Figure 5.18A shows that of all compounds only CY018 

has a corrector function on F508del-CFTR. When the cells were incubated with CFTR inhibitor 172 

(INH172) this effect was neutralized (Figure 5.18B). Interestingly, the combination of VX-809 and 

CY018 shows an additive effect on the CFTR function in the cell membrane (Figure 5.18B).  

  

Figure 5.18 | FLIPR Membrane Potential (FMP) assay to test Cyclenium compounds as correctors for 

F508del-CFTR. (A) F508del-CFTR expressing BHK cells were treated for 24h with the twelve 

Cyclenium compound. (B) F508del-CFTR expressing BHK cells were treated with CY018 and/or VX-

809, with and without CFTR inhibitor INH172. The cells were incubated with forskolin before the 

treatment with the dye. N=3, error bars are describing SD. 
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The last cellular assay is performed with the Ussing Chamber, which can detect and quantify 

transport of ions across epithelial tissue. F508-CFTR expressing cystic fibrosis epithelial (CFBE) cells 

were treated for 18 hours with 20μM CY018. After forskolin and genistein stimulation the short-circuit 

current of the cells was measured. The CY018 treated CFBE cells showed a higher conductance than 

the DMSO control treated cells. Interestingly, the combination of CY018 and VX-809 showed an 

additive response of 150% of just the VX-809 compound (Figure 5.19).  

 

 

5.2.7 Specificity of CY018 

The combination of the biochemical assays, crystal structure, and cellular assays shows that CY018 

is a very potent compound regarding 14-3-3/CFTR stabilization, which bodes well for CF drug 

development. However, it is not known yet how specific this compound is for the 14-3-3β/CFTR_pS753 

interaction. Therefore, the FP assay was used to test its specificity towards the seven different 14-3-3 

isoforms, the nine different phosphorylated 14-3-3 binding sites in the CFTR protein, and the binding 

of different 14-3-3 interaction partners. Figure 5.20 shows the FP results in the presence and absence 

of 100μM CY018 of CFTR_pS753pS768 binding to the seven different 14-3-3 isoforms. Although the 

stabilization effect is less with the originally weaker binding 14-3-3 isoforms, the binding of all isoforms 

to CFTR_pS753pS768 is stabilized by the compound.  

Figure 5.19 | Ussing chamber experiment to measure the F508del-CFTR corrector activity of CY018. 

F508del-CFTR expressing CFBE cells were treated for 18h with CY018. The CFTR activity is assayed 

by measurement of short-circuit current of the cells after stimulation by forskolin and potentiator 

genistein. N=3, error bars are describing SD. 
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Figure 5.21A shows the FP results of CY018 on the binding of the nine different CFTR binding 

sites to 14-3-3β. Binding sites pS670, pS737, pS753, and pS813 showed a strong stabilizing response, 

pS660 and pS768 a weak response, and pS700, pS712, and pS795 showed no response. Analysis of 

the sequences of these binding sites reveals that all of the responsive peptides have an arginine residue 

at the -2 position of the phosphorylated serine residue (Figure 2.2B) which is not present at the sites 

that are not stabilized. Additionally, the extent of stabilization seems to be related to the hydrophobicity 

of the amino acid residue on the -1 position. Hydrophobic amino acid residues at this position show 

stronger stabilization than hydrophilic ones. Additionally the doubly phosphorylated peptides were 

measured in the same assay (Figure 5.21B). The results of each doubly phosphorylated peptide appears 

to be an additive effect of the results of the two singly phosphorylated peptides. 

  

Figure 5.20 | Stabilization by CY018 CFTR_pS753pS768 of all seven 14-3-3 isoforms. FP assay of the 

interaction between all seven 14-3-3 isoforms with CFTR_pS753pS768 (100 nM), in the absence (black) 

or presence (purple) of 100 μM CY018. Background polarization was subtracted from all values. 
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Figure 5.21 | Stabilization by CY018 of all (A) singly and (B) doubly phosphorylated CFTR peptides 

with 14-3-3β. FP assay of the interaction between 14-3-3β with singly phosphorylated peptides (100 nM) 

representing segments of the CFTR R-domain, in the absence (black) or presence (purple) of 100 μM 

CY018. Background polarization was subtracted from all values.  
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Figure 5.22 shows the FP results of the binding of peptides coding for other mammalian 14-3-3 

binding partners to 14-3-3 (LRRK2, p53, ERα, Tau, CDC25B, TASK3, Notch4, and Raptor) and absence 

or presence of CY018. The binding of all peptides to 14-3-3β is influenced, however to different extents. 

Where the binding of the ERα peptide to 14-3-3β is increased with 50-fold, the difference in binding of 

the Notch4 peptide is barely visible. The sequences of the used labeled peptides are presented in Table 

5.2. No clear correlation between the peptide sequence and stabilization degree could be noticed. 

However, crystal structures are accessible of the CFTR_pS768, CFTR_pS795, LRRK2_pS910, 

LRRK2_pS935, p53_pT387, ERα_pS594, Tau_pS214, Tau_pS324, and TASK3_pS373 peptides binding 

in a 14-3-3 binding groove (PDB IDs: 5D2D1, 5D3E1, 5MYC14, 5MY914, 3IW115, 4JC33, 4FL516, 5BTV16, 

and 3P1N4, respectively). Superimposition of these structures with the crystal structure of the 

CFTR_pS753pS768/14-3-3β/CY018 give an indication as to why the interactions of the peptides with 

14-3-3 are stabilized to different degrees (Figure 5.23).  

Figure 5.22 | Stabilization by CY018 of phosphorylated peptides coding for different 14-3-3 binding 

partners. FP assay of the interaction between 14-3-3β with the phosphorylated peptides (50 nM), in the 

absence (black) or presence (purple) of 100 μM CY018. Background polarization was subtracted from 

all values. Mean of three experiments, error bars are SD. 
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Figure 5.23A shows, for example, that R768 of CFTR would clash with the CY018 molecule and 

would have to adopt a different conformation if the CY018 were to bind at this position. The pS795 

peptide does not show any amino acid residues that would clash with CY018, but the position of K793 

suggests that the adjacent amino acid residue, which is not visible in the electron density, would clash 

with the CY018 molecule (Figure 5.23B). Of the two doubly phosphorylated peptide of LRRK2, the 

pS935 site is most likely stabilized by CY018 (Figure5.23D), because the K907 residue at the pS910 

site would clash with the CY018 molecule (Figure 5.23C). The p53 peptide naturally makes a turn in 

the binding groove which is not possible if CY018 binds at this location (Figure 5.23E), which could 

explain the minimal stabilization of this peptide. The ERα peptide would clash with its F591 into the 

CY018 molecule, but the FP data shows that this peptide can be stabilized by CY018, but one can 

imagine that this phenylalanine side chain might change its conformation back into the binding groove 

when the compound binds (Figure 5.23F). Both binding sites of the doubly phosphorylated 

Tau_pS214pS324 peptide can possibly be stabilized by the compound (Figure 5.23G and H), however 

only one amino acid residue N-terminally of the pS324 site is visible in the electron density (G323), 

which does provide enough information to draw firm conclusions. The TASK3 peptide was expected 

to be stabilized by the compound because of its arginine residue at the -2 position of the phosphorylated 

serine residue. However, when looking at the superimposition, the arginine residue at the -3 position 

(R370) clashes with the CY018 (Figure 5.23), which might have been minimizing the effect. 

Interestingly, in all cases of stabilization by compound CY018 an increase in maximum polarization 

is visible, suggesting a similar binding modus as seen with the 14-3-3/CFTR_pS753 interaction.  

Table 5.3 | Amino acid sequences of the labeled peptides coding for phosphorylated binding sites of a 

variation of 14-3-3 binding partners. 

Peptide Sequence 

LRRK2_pS910pS935        V K K K S N pS I S V G E F Y R D A V L Q R C S P N L Q R H S N pS L G P I F D 
LRRK2_pS1444 I K A R A S pS S P V I L V G T H L D 

p53_pT387           S R A H S S H L K S K K G Q S T S R H K K L M F K pT E G P D S D 
ERα_pT594                                                 A E G F P A pT V 

Tau_pS214pS324                  R T P pS L P T G G G S G G S G G G S K C G pS L G N I H H K 
CDC25B_pS323                                              Q R L F R S P pS M P C S V I R 
TASK3_pS373                                                        K R R K pS V 

Notch4_pS1917                 G V G A G G G P T P R G R R F pS A G M R G P R N P 
Raptor_pT735                                  G A K D T E W R S V pT L P R D L Q S T G R 



Chapter 5 

- 132 - 
 

  

Figure 5.23 | Superimposition of peptides coding for different 14-3-3 binding partner motifs in the 14-

3-3βΔC/CFTR_pS753pS768/CY018 crystal structure. (A) CFTR_pS768 peptide (PDB ID: 5D2D),1 (B) 

CFTR_pS795 peptide (PDB ID: 5D3E),1 (C) LRRK2_pS910 peptide (PDB ID: 5MYC),14 (D) 

LRRK2_pS935 peptide (PDB ID: 5MY9),14 (E) p53_pT387 peptide (PDB ID: 3IW1),15 (F) ERα_pS594 

peptide (PDB ID: 4JC3),3 (G) Tau_pS214 peptide (PDB ID: 4FL5),16 (H) Tau_pS324 peptide (PDB ID: 

5BTV),16 (I) TASK3_pS373 peptide (PDB ID: 3P1N).4 
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5.3 Discussion 

This chapter focuses on finding stabilizing molecules for the 14-3-3/CFTR interaction that have 

similar function as FC-A but a better drug profile and are more effective in inducing a functional 

cellular response. Therefore, a fluorescence polarization based HTS was set-up to screen four different 

libraries with a total of 16,801 compounds and natural product extracts. The assay appeared to be 

reliable with an average Z’ value of 0.69 (Figure 5.2), whereas a Z’ values between 0.5 and 1.0 are 

commonly interpreted as excellent.8 However, all plates showed a location-dependent polarization 

change over the plate with higher polarization at the end of the measurement by the plate reader 

(Figure 5.3), which could not be ascribed to the pipetting order of the plate. A possible cause of the 

polarization change could be the longer incubation time of the latter wells or a temperature difference 

between the plate reader and the room by which the temperature of the samples was adjusted over 

time. This effect was slightly stronger in some of the Cyclenium plates causing the lower Z’ values. 

Fortunately this effect influenced only the hit selection of some of the ‘weak’ hit compounds, but not 

for the ‘intermediate’ and ‘strong’ hit compounds.  

A common problem using fluorescence based assays is working with compounds that are 

fluorescent themselves or quench other fluorophores. This could have caused false negatives and 

cannot be overcome when using an FP assay. On the other hand, false positives could have been 

measured of compounds that cause unspecific aggregation of the fluorescently labeled peptide with 

other molecules present in the solution. By measuring all follow up studies with and without 14-3-3, 

but still containing 15 μM bovine serum albumin (BSA) as a potential ‘aggregation matter’, these false 

positives are excluded.  

The BioActive library produced a total of four potent hit compounds (Figure 5.8). Of these hit 

compounds only Sibutramine Hydrochloride appears to be a good lead compound for further research. 

Unfortunately, due to barriers to import this compound could not be analyzed further, but hopefully 

will be in the near future.  

The Marine extract library showed promising results of many different extracts in the FP follow-

up assay. Additionally, some of the hit compounds were also ‘weak hits’ in the CFTR-trafficking assay 

performed earlier by Graeme Carlile at McGill University. The two final extract fractions (IN04-32 AQ 

and IN04-117 AQ) showed promising results in the FP assays, although quantification of the 

stabilization effect is not possible because the concentration of the active compound(s) in the extracts 

is unknown. The next step is to determine the chemical structure of the molecule(s) that leads to the 

stabilization effect between the CFTR peptide and 14-3-3. Unfortunately, both the soaking experiments 
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of the extracts on the 14-3-3/CFTR peptide crystals and co-crystallization did not show any unfilled 

electron density in the crystal structures. An alternative way to identify the active compound(s) is 

further fractionating of the extracts, analysis by FP assay, and analysis of the extracts by e.g. MS or 

NMR. Additionally, it would be very interesting to see what the biological function of these natural 

compounds in the organism is and whether it is related to 14-3-3 PPIs in sponges, like FC-A does in 

plants.  

Two compounds of the ChemBridge library appeared to give very promising activity showing 

comparable results as FC-A in the FP assay and some stabilization in the ITC assay (CB5268532 and 

CB5523248). Co-crystallization of these compounds with 14-3-3 and the CFTR peptide would give 

important information such as the binding location, and will give options to optimize these 

compounds further. Such a crystal structure could also guide in the selection of analogs of this 

compound from the one million available compounds of ChemBridge. Unfortunately, crystallization 

has not succeeded yet. Additional assays on these ChemBridge compounds in the presence of FC-A 

could give important information about whether these compounds bind in the same binding pocket 

as the FC-A molecule. The fact that the maximum polarization in the FP assay is close to that of FC-A, 

indicates that the binding location is similar to that of FC-A, in contrast to the CY018 compound where 

the maximum polarization is higher. Additionally, cellular assays will be performed with these 

compounds to resolve their CFTR trafficking and corrector effects. 

The Cyclenium library has provided the most promising results of the four different libraries. The 

eight selected compounds of the second library all show a dose-response effect on the binding of 

CFTR_pS753pS768 to 14-3-3β (Figure 5.11). However, the shape of the binding curves are 

uncharacteristic by which affinity increase upon addition of compound is difficult to determine. The 

reason behind this shape is still unknown, but the decrease in polarization at high concentration of 14-

3-3 could imply that all compound is in use at this concentration and there is no compound left for all 

14-3-3 dimers at the higher concentrations. Additionally, the stabilizing effect of all tested compounds 

started at around a 14-3-3β concentration of 100 nM, which equals the labeled peptide concentration, 

and therefore reaches the detection limits of the FP assay. Compound CY018 was selected to be tested 

in combination with FC-A, which was performed at lower labeled CFTR peptide concentration of 10 

nM (Figure 5.12A). The curve here is shifted to the left showing that indeed the peptide concentration 

was too high at previous assays.  

The ITC results of both the ChemBridge and Cyclenium compounds showed less stabilization 

effect by the compounds than the FP assays (Figure 5.6 and 5.12). Overall the thermodynamics behind 

the stabilization of PPIs is complicated because of the ternary complex that is formed between the 
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stabilizing molecule and the two proteins targets. In this case the complex is quaternary because the 

14-3-3 proteins form already a dimer. This makes it difficult to determine which binding events 

between these four molecules are actually measured in the assay. Additionally, to measure the 

interaction between the CFTR_pS753pS768 peptide and 14-3-3 with ITC the concentrations need to be 

high (1 mM peptide and 100 μM 14-3-3). The compound concentration is limited by its solubility in 

water and therefore the access of compound over the other present molecules is less than in the FP 

assay where very small peptide concentrations are used.  

The crystal structure displayed in Figure 5.15 shows a new stabilization mechanism in 14-3-3 

biology. It shows that the CY018 molecule is not present in the FC-A pocket but is holding the CFTR 

peptide in its place in the 14-3-3 binding groove by bridging over the peptide and connecting with the 

14-3-3 protein above and below. This mechanism of action explains the higher maximum polarization 

of the FP assay since the compound is binding close to the N-terminus of the peptide where the 

fluorophore is located. Due to confidentiality reasons the chemical structures of these compounds 

cannot be disclosed, including its hydrophilic and hydrophobic interactions with the CFTR peptide 

and 14-3-3 protein. Currently efforts are being made to optimize the compound by expanding it towards 

more possible interactions with both the CFTR peptide and the 14-3-3 protein. During this process it 

is important to consider the possible second CY018 compound visible in the crystal structure (Figure 

5.16). Although it is not known yet if this second molecule is also present in solution, adjustments at 

the site that connects the second molecule with the first CY018 molecule and with 14-3-3 could nullify 

the binding of the whole complex. Additional ITC measurements and screening and crystallization of 

more compounds can shed light on this observation. Also crystallization of different 14-3-3 isoforms 

and peptides in combination with the CY018 compounds could possibly appear in a different crystal 

packing and clarify this subject. If this second CY018 molecule is indeed important for the stabilization 

of the 14-3-3/CFTR complex, this could also be used as an advantage in further optimization of the 

compound. For example, the two compounds could be connected, increasing its binding affinity for 

14-3-3 and therefore the stabilization of the 14-3-3/CFTR interaction even more.  

Figure 5.20 shows that the CY018 compound is not selective towards the seven different human 

14-3-3 isoforms, which was also not expected due to the high degree of residue homology in the binding 

grooves of the isoforms. This validation is positive since both the β and ε showed to be present in 

human bronchial epithelial cells and increase the CFTR level in the plasma membrane. FP assays of 

all the different CFTR peptides (singly phosphorylated and doubly phosphorylated) showed a 

preference of the compound for some sites over the others (Figure 5.21). This means that when the full 

R-domain is present and phosphorylated, possibly also the binding to 14-3-3 of other sites then pS753 
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could be stabilized in the cell. Cellular experiments where the different 14-3-3 binding sites are mutated 

could unravel the exact mechanism in the cell. It is interesting to notify that in the FP assay of the 

singly phosphorylated peptides, the binding of the pS768 site to 14-3-3β is also slightly stabilized, while 

there was no molecule visible at this site in the crystal structure. The crystal packing shows no space 

for another CY018 molecule in the same 14-3-3 dimer, but in solution it is possible that both sites of 

the doubly phosphorylated peptide get stabilized. It is physically even possible that four CY018 

molecules are present in one 14-3-3 dimer. The CY018 compound does not show a strong preference 

for the CFTR peptides over the other tested peptides (LRRK2, p53, ERα, Tau, CDC25B, TASK3, Notch4, 

and Raptor). The superimposition of available PDB files of the peptides binding to 14-3-3 with the 

crystal structure containing CY018, shed some light on why certain peptides do get stabilized and 

others not. However, to get a better understanding of these mechanisms it will be informative to set 

up a co-crystallization or crystal soaking of these different complexes. To avoid possible side effects of 

a therapeutic drug based on this compound, efforts should also be made to make this compound more 

specific for the CFTR/14-3-3 interaction over other 14-3-3 protein partners and these crystal structures 

could play an important role in this. 

The cellular response on the compound in the first cellular assays is very promising. Three 

different assays (one trafficking assay and two functional assays) showed a positive effect of CY018 on 

F508del-CFTR expressing cells. The observation that using the compound in combination with VX-

809 has an additive corrector effect of CFTR is very promising for further drug design.  

 

5.4 Conclusions 

The FP based HTS was successful in discovering small-molecule stabilizers for the 14-3-3/CFTR 

interaction. Several hit compounds were found that showed promising results in both localization and 

functional cellular CFTR assays. The X-ray crystallization of one of the 14-3-3/CFTR-

peptide/compound complexes presented a new site of binding and stabilization mechanism for 14-3-3 

interactions. Although these compounds did not show high specificity for the 14-3-3/CFTR interaction 

over other 14-3-3 PPIs, the compounds are synthetically accessible and amenable to chemical 

alterations which should facilitate the development of more specific stabilizing compounds for the 

treatment of CF. 
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5.5 Material and methods 

Reagents  

Fusicoccin A was obtained from Enzo Life Sciences BVBA. The Cyclenium compouds are provided 

by Cyclenium Pharma, the Chembridge compounds from ChemBridge Corporation, the BioActive 

library from McGill University, and the Marine Extracts originated from group of Professor Raymond 

J Andersen from UBC Canada. 

Peptide synthesis  

The CFTR peptides were synthesized as described in Chapter 2. The other peptides were prepared 

by colleagues in the laboratory.  

Expression of 14-3-3  

His6-tagged 14-3-3 isoforms (full-length and ΔC) were expressed in NiCo21(DE3) competent cells 

(0.4 mM IPTG, overnight at 18 °C), with a pPROEX HTb plasmid, and purified with a nickel column. 

The His6-tag was cleaved-off with TEV-protease and a second purification was done by size exclusion 

chromatography. The proteins were dialyzed against FP, ICT, or crystallization buffers before usage 

(recipes described below).  

HTS FP assay 

The HTS FP assay was set up in 384 Corning Black Round Bottom wells plates. Each well 

contained 20 μL sample with 10 μM 14-3-3β and 100 nM FITC-labeled CFTR_pS753pS768 peptide 

dissolved in FP buffer (10 mM HEPES pH7.4, 150 mM NaCl, 0.1% Tween20, 1 mg/mL BSA). 

Compound was added using a pin tool system adding approximately 0.1 μL to each well, dependent on 

the viscosity of the solution. Each plate contained 16 wells with negative controls (DMSO) and 16 wells 

with positive control (FC-A). The plates were incubated for 30 minutes in the dark at RT before 

measuring the polarization using a PHERAstar FS plate reader (ex. = 485 nm, em. = 520 nm). 

Fluorescence polarization assay  

The FITC-labeled peptides were dissolved in FP buffer (10 mM HEPES pH7.4, 150 mM NaCl, 

0.1% Tween20, 1 mg/mL BSA) to a final concentration of 100 nM or 10 nM. For the dose-response 

assays a 14-3-3β concentration of 10 μM was used while titrating the compounds in two-times dilution 

series and for the other assays a dilution series of 14-3-3β was made with constant concentration of 

compound. The dilution series were made in 384 Corning Black Round Bottom wells plates and their 

polarization was measured with a Tecan Infinite F500 plate reader (ex. = 485 nm, em. = 535 nm).  

Isothermal Titration Calorimetry  

The ITC measurements were performed with the Malvern MicroCal iTC200. The ChemBridge 

compound experiments were performed with 50 μM 14-3-3β in the cell (with or without 200μM 

compound) and 500 μM peptide in the syringe, both in ITC-buffer with DMSO (25 mM HEPES pH 

7.4, 100 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP, 2% DMSO). The Cyclenium compound experiments 

were performed with 200 μM 14-3-3β in the cell (with or without different concentrations of 

compound) and 1 mM peptide in the syringe, both in ITC-buffer (25 mM HEPES pH 7.4, 100 mM 

NaCl, 10 mM MgCl2, 0.5 mM TCEP). Two times 18 titration of 2 µL were done at 37 °C (reference 
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power: 5 µCal/sec., initial delay: 60 sec., stirring speed: 750 rpm, spacing: 180 sec.), and the data was 

merged with ConCat32 software.  

Crystallography 

The 14-3-3β protein was C-terminally truncated after T232 to improve crystallization. For 

crystallization, the 14-3-3βΔC/CFTR_pS753pS768/CY018 complex was mixed in a 2:1.5:4 molar 

stoichiometry with a final protein concentration of 15 mg/mL in crystallization buffer (25 mM HEPES, 

0.1 M NaCl, 2 mM DTT, pH7.4). This was set up for hanging-drop crystallization in a 1:1 ratio with 

Qiagen Cryos Suite #44 crystallization liquor (0.09 M HEPES sodium salt pH7.5, 1.26 M tri-Sodium 

citrate, 10% (v/v) Glycerol) with an extra 2% of Glycerol (SigmaAldrich). Crystals were fished after 2 

weeks of incubation at 4°C and flash-cooled in liquid nitrogen. Diffraction data was collected at the 

PETRA III P11 beamline (DESY, Hamburg, Germany). The dataset was indexed and integrated using 

XDS17 and scaled using SCALA18. The structure was phased by molecular replacement, using PDB ID 

2C2319 as search model, in Phaser20, Coot21 and phenix.refine22 were used in alternating cycles of 

model building and refinement. See table 5.3 for data collection, structure determination, and 

refinement. 

CFTR trafficking assay 

The trafficking assay was performed as previously described by Carlile et al. 13 In brief, 3HA-tagged 

F508del-CFTR expressing baby hamster kidney (BHK) cells were seeded in 96-well plates (Corning 

half area, black-sided, clear bottom) at 15 000 cells per well. After 24 h incubation at 37°C, the cells 

were treated with 10 μM of compound for 24 h (final DMSO concentration 1 v/v%). The cells were 

fixated with 4% paraformaldehyde, washed with PBS, and then blocked with fetal bovine serum (5% 

in PBS). Mouse monoclonal anti-HA anti-body (Sigma, 1:150 dilution in PBS) was incubated overnight, 

and after three washes with PBS the background fluorescence was measured in a plate reader (488 nm 

excitation, 510 nm emission). The secondary antibody anti-mouse IgG conjugated with FITC (Sigma, 

1:100 dilution in PBS) was incubated for 1 h, the cells were washed three times with PBS and analyzed 

in the plate reader again. Background fluorescence was subtracted from the signal, after which the 

signal was normalized to the DMSO control and wt-CFTR expressing cells. 

FLIPR Membrane Potential assay 

The FLuorescence Imaging Plate Reader (FLIPR) Membrane Potential (FMP) assay is based on 

the technique developed by Van Goor et al.23 F508del-CFTR expressing baby hamster kidney (BHK) 

cells were incubated with the compounds for 24h at 37°C. The growth medium was removed from the 

cells by inverting the plate and FMP dye (Molecular Devices, Part #R8042) including the potentiator 

Genistein (Sigma, G6649) was added back in 70ul of low Cl containing buffer (160mM NaGluconate, 

4.5mM KCl, 2mM CaCl2, 1mM MgCl2, 10mM D-Glucose, 10mM HEPES (pH 7.4)). The plates were 

incubated for 5 minutes at room temperature before activation of CFTR in the plate reader 

(SynergyMX) with the addition of 14ul of FMP dye in low Cl buffer containing 6x Forskolin (Sigma, 

F6886) following a 2 minute baseline read. Fluoresence intensity was monitored for 5 minutes 

following CFTR activation. Reported is the rate of fluorescence intensity change over time. 

Ussing Chamber assay 

Primary F508del-CFTR expressing CFBE cells were grown in air-liquid interface culture 

conditions until fully differentiated. The cells were treated for 18 hours with 20 μM CY018, 1 μM VX-

809 or the combination of the thwo compounds. Once the cells were mounted in the Ussing 
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Chambers, 10 μM of forskolin, the potentiator genistein and CFTR inhibor INH172 was added in the 

chambers before measuring the short-ciruit current over the CFBE cells like described by Hug et al.24  
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6.1 Introduction 

This chapter looks forward and identifies opportunities to expand the work described in this thesis. 

It illustrates how the new insights in multivalent 14-3-3 protein-protein interactions (PPIs) can be used 

in future research in the characterization of 14-3-3 binding sites and overall 14-3-3 biology. Additionally, 

this chapter elaborates on what efforts are needed to develop 14-3-3 PPI modulators, which could be 

potent for therapeutic approaches, and it suggests how the discovered stabilizers for the interaction 

between 14-3-3 and the cystic fibrosis transmembrane conductance regulator (CFTR) can be used in 

cystic fibrosis (CF) drug discovery. 

 

6.2 Multivalent 14-3-3 protein-protein interactions (PPIs) 

Historically, 14-3-3 binding motifs have been divided into three modes: ‘mode I’ (RSX(pS)XP), 

‘mode II’ (RX(Y/F)X(pS)XP), and ‘mode III’ ((pS/pT)X-COOH).1,2 However, the research described in 

this thesis and other recent publications3,4 have shown that the binding of 14-3-3 to its binding partners 

can occur via many deviant phosphorylated motifs and even a non-phosphorylated motif has been 

shown to bind to 14-3-35, making the recognition of 14-3-3 binding motifs just based on these three 

binding motifs outdated. Recent publications meta-analyzing reported 14-3-3 binding sites are gaining 

more insights in the binding site preferences of 14-3-3.3,4 However, these studies focus only on the 

binding affinities of these sites for 14-3-3 while other thermodynamic parameters are overlooked. 

Studying the thermodynamics of these interactions in more detail, as done in this thesis, can give more 

insight in the mechanism of binding and possibly give a better prediction of potential 14-3-3 binding 

sites.  

The binding data in Chapter 2 and 3 of this thesis shows that the combination of two or more 

binding sites within one protein can significantly increase binding affinity for 14-3-3. The 

thermodynamic model described in Chapter 4 elaborates on the reasons of affinity increase based on 

multivalency. When this is put in perspective of all 14-3-3-binding partners, one can imagine that 

multivalency appears in more 14-3-3 PPIs than recognized. For example, when a hypothetical protein 

contains two binding sites of which peptides coding for these sites bind to 14-3-3 with Kd values of 0.5 

mM and 1 mM, respectively, these sites can easily be designated as very weak binders or even be 

overlooked. However, if the effective molarity (EM) between these two binding sites is 10 mM, similar 

to the EMs calculated for the various doubly phosphorylated CFTR and leucine-rich repeat kinase 2 

(LRRK2) peptides, this would translate to an overall Kd,ov of 25 μM using the model described in 
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Chapter 4. This is a 20 times stronger binding affinity than the originally measured 0.5 mM, and an 

affinity that can be of biological significance. For future research it is hence important to keep in mind 

that 14-3-3 binding sites in a protein can be assisted by other binding sites that might not be recognized 

initially.  

The peptide-based binding assays to investigate 14-3-3 PPIs give valuable information about how 

14-3-3 proteins can bind to their binding partners. However, it should not be forgotten that these 

peptides represent only a part of the protein. The binding of the whole protein to 14-3-3 is dependent 

on various factors, like the presence of (multiple) binding site(s), their steric accessibility, and their 

phosphorylation state. Therefore it is important to analyze also the 14-3-3 binding of larger protein 

domains, or when possible whole proteins or even protein complexes. This could shed light on the 

functions of different 14-3-3 binding sites in one protein, like in the case of LRRK2. It is still not known 

whether it is possible for LRRK2 to bind to one 14-3-3 dimer with its pS910 and pS1444 binding sites 

simultaneously. This could have major consequences for the conformation and activity of the whole 

protein as described by Muda et al.6 Another possibility in the case of LRRK2 is that two 14-3-3 dimers 

bind to two different locations of the LRRK2 protein, each fulfilling a different biological functions. 

Questions such as these can only be resolved combining detailed biochemical and structural studies 

with whole-protein studies.  

 

6.3 Small-molecule stabilization of 14-3-3 PPIs  

Small-molecule-based modulation of PPIs as potential drug targets is a growing field, with the 

first drug candidates undergoing clinical studies.7–9 However, the vast majority of PPI modulators are 

inhibitors. Although for many PPIs both inhibition and stabilization are promising modes of action, 

the extensive 14-3-3 interaction genome and its abundance in the cell makes competitive inhibition of 

the 14-3-3 binding groove a problematic strategy for drug discovery. Total inhibition of all 14-3-3 

interactions in the cell could lead towards multiple off-target effects. Targeting the 14-3-3 interaction 

partner to inhibit its interaction with 14-3-3, is typically also challenging because most 14-3-3 binding 

motifs are localized in disordered protein regions with undefined secondary structure. An alternative 

approach such as addressing the 14-3-3 surface outside the binding groove might allow to circumvent 

some of the above listed limitations and potentially developed into a useful strategy, but has yet to be 

proven successful. Stabilization of a 14-3-3 PPI is more promising since this can be achieved in a 

manner non-competitive to all other 14-3-3 PPIs. Additionally, the affinity of the compound does not 

need to be in the low nanomolar range to trigger strong physiological effects, but could just tilt the 
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equilibrium towards the bound complex. However, the field of 14-3-3 PPI stabilization is also facing 

challenges towards specificity. This can be illustrated by the example of Fusicoccin A, which has been 

shown to stabilize numerous mammalian 14-3-3 PPIs (e.g. CFTR10, glycoprotein Ibα11, estrogen 

receptor α (ERα)12, and potassium channel TASK313). Also the CFTR/14-3-3 stabilizer CY018 presented 

in Chapter 5 of this thesis does not show specificity for CFTR binding sites over various other 14-3-3 

interaction partners and needs optimization to address this promiscuous binding.  

During the development or optimization of a stabilizing molecule that increases the binding 

affinity of a 14-3-3 PPI by making contacts to both binding partners, one can focus on the interaction 

between the small molecule and 14-3-3, or the interaction between the small molecule and the 14-3-3 

protein partner. Optimizing the affinity of either interaction will lead to a more potent stabilizer, but 

only the latter will increase the specificity of the stabilizer towards a certain 14-3-3 PPI. Fusicoccin A, 

and other fusicoccane derivatives, bind in the so called ‘fusicoccin pocket’ of 14-3-3, making extensive 

interactions with the 14-3-3 protein but only minimal interactions with the (C-terminus of the) binding 

partner laying in the binding groove. This can make the optimization of the specificity of the stabilizing 

molecule very challenging. By focusing on molecules that bind to a different location than the 

‘fusicoccane pocket’ and that are more accessible for interactions with the binding partner of 14-3-3, 

specificity might be easier achievable. The CY018 molecule is a good example of such a molecule, 

which holds the CFTR peptide on its place in the 14-3-3 binding groove by bridging over the peptide 

and connecting with the 14-3-3 protein at the top and the bottom of the binding groove. This molecule 

has more space for chemical alterations towards optimizing its contact with the 14-3-3 PPI partner 

CFTR.  

 

6.4 Drug discovery for cystic fibrosis 

Current treatment of CF patients mainly consists of treating the symptoms of the disease rather 

than the physiological cause of the disease. However, recently the first therapies that actually influence 

the CFTR function in CF patients have been developed. VX-770 (Ivacaftor) is the first potentiator drug 

to be FDA-approved for CF treatment, which directly targets the gating defect of mutation G551D-

CFTR.14 The most promising CFTR-corrector compound is VX-809 (Lumacaftor), which partially 

reverts the F508del-CFTR functional expression defect by stabilizing the NBD1-MSD1/2 interface15, 

but a clinical trial failed to observe significant benefit of VX-809 treatment in homozygous F508del-

CFTR patients.16 However, addition of VX-770 to VX-809-corrected F508del-CFTR showed modest 

but significant clinical improvement and the VX-770/VX-809 combination treatment has now been 
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approved for CF patients with two copies of the F508del mutation.17,18 This shows that combinations 

of pharmacotherapies addressing different CFTR defects may show improved clinical benefit over 

monotherapies. Additionally, more than 2000 mutations in the CFTR protein have been described to 

lead to the CF phenotypes via different CFTR defects (e.g. transcription, translation, folding, and/or 

gating).19 To treat as many patients as possible, with all sorts of different combinations of mutations, 

it is important have access to and be able to combine different treatments. The stabilization of the 14-

3-3/CFTR interaction can play an important role in this approach, since it is a new CFTR-correction 

mechanism, of which the first cellular experiments with CY018 have already shown an additive effect 

with VX-809 treatment.  

Further optimization of 14-3-3/CFTR stabilizers requires more insights on the binding of 14-3-3 to 

the CFTR regulatory (R) domain in the cellular environment. This could give information on the 

importance of 14-3-3 binding site selectivity of 14-3-3/CFTR stabilizing molecules, such as CY018. It is 

still unknown at which position the CY018 molecule stabilizes the interaction in the cell, since in vitro 

studies showed multiple possible positions (Figure 5.21). Primary experiments that analyze the fraction 

of CFTR in the plasma membrane when serine to alanine mutations are present in the R-domain 

suggest that phosphorylation of the S753/S768/S795 area is most important for (14-3-3 binding based) 

CFTR transport to the membrane (Figure 6.1), but more research is necessary to confirm this. 

Figure 6.1 | Fraction of enhanced green fluorescence protein (eGFP)-labeled CFTR containing 
different mutations in the regulatory (R) domain in the plasma membrane of HEK293 cells. The 
positive control is wt-CFTR and the negative control is F508del-CFTR, of which the plasmids (pEGFP-
C1) were kindly provided by the group of Mrinalini C. Rao from the University of Illinois, Chicago, 
USA. HEK293 cells were transfected 48 hours before fixation with the plasmids using FuGene® HD 
Transfection Reagent. Confocal examination was done with the Leica TCS SP5 X, using DiI (Thermo 
Fisher Scientific) as lipophilic membrane stain. The fraction CFTR in the plasma membrane was 
calculated as cumulative intensity of eGFP that correlated with the DiI stain, divided by the cumulative 
intensity of eGFP in the total cell, using the Fiji software package. Mean of eight cells in three different 
experiments, error bars are standard deviation (SD).  
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Additionally, similar experiments can be performed while treating the cells with various stabilizers to 

give insights in the binding position of the molecule in cellular environment.  

 

6.5 Conclusions 

Modulation of 14-3-3 PPIs is a promising field in drug discovery. Understanding the role of 

multivalency and the different thermodynamic parameters in 14-3-3 PPIs could give more insights in 

the cellular behavior of 14-3-3, which is important for the discovery of therapeutically relevant 14-3-3 

modulators. Stabilization of 14-3-3 PPIs has more potential in drug discovery than inhibition of 14-3-3 

PPIs. The challenge regarding the specificity of the molecules could be addressed by an ‘out-of-the-

groove’ way of thinking.  
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Stabilization of Multivalent 14-3-3 Protein-Protein Interactions 

Protein-protein interactions (PPIs) are essential for almost all cellular processes. To understand 

the biological role of a specific protein, it is important to understand and manipulate its underlying 

PPI network. Additionally, by inhibiting or stabilizing certain PPIs with small molecules, we can 

interfere in signaling pathways which are important in diseases and open up new possible therapeutic 

approaches in drug discovery. With several hundred identified protein interaction partners, the 14-3-3 

protein family is an interesting case to study small-molecule PPI modulation. 14-3-3 proteins are 

ubiquitous eukaryotic proteins involved in many cellular processes such as cell-cycle control, signal 

transduction, protein trafficking, and apoptosis. By binding to other proteins, 14-3-3 can assist in 

protein folding, protein localization, and stimulate or inhibit other PPIs. 14-3-3 proteins exist as dimers 

with each monomer consisting out of nine alpha helices forming a groove that can bind to, mostly 

phosphorylated, protein partners. This thesis focuses on a specific class of 14-3-3 interaction partners: 

proteins that have multiple serine and/or threonine residues that can, upon phosphorylation, interact 

with 14-3-3. By investigating two clinically relevant multivalent 14-3-3 PPIs, the function of multivalency 

in these interactions is investigated and the opportunities and challenges to modulating multivalent 

14-3-3 PPIs are discovered. 

The work in chapter 2 focuses on the interaction between 14-3-3 and the cystic fibrosis 

transmembrane conductance regulator (CFTR). The binding of the 14-3-3 protein to the CFTR 

regulatory (R) domain has been found to enhance CFTR trafficking to the plasma membrane, which 

is disturbed in most cases of the fatal disease cystic fibrosis. The intrinsically disordered R-domain 

contains nine different phosphorylated 14-3-3 binding motifs. Multiple biochemical assays and crystal 

structures show that the interaction between 14-3-3 and CFTR is governed by two binding sites: the key 

binding site of CFTR (pS768) occupies one groove of the 14-3-3 dimer, and a weaker, secondary binding 

site occupies the other groove. Additionally, this work shows that Fusicoccin A, a natural-product 

compound, can stabilize the interaction between the two proteins by interacting with a secondary 

binding motif of CFTR (pS753). The stabilization of this interaction stimulates the trafficking of mutant 

CFTR to the plasma membrane. This proof-of-principle of druggability of the 14-3-3/CFTR interface 

offers a new approach for cystic fibrosis therapeutics. 

Chapter 3 presents the study of the 14-3-3 interaction with leucine-rich repeat kinase 2 (LRRK2). 

Binding of 14-3-3 to LRRK2 is known to be impaired by a number of Parkinson’s disease relevant 

genetic mutations. Abrogation of this interaction is connected to enhanced LRRK2 kinase activity, 

which in turn is implicated to increased ubiquitination of LRRK2, accumulation of LRRK2 into 
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inclusion bodies, and reduction of neurite length. The LRRK2 protein has five 14-3-3 binding sites in 

close proximity located in an intrinsically disordered region, and one additional site (pS1444) located 

in a different domain of the protein. This chapter characterizes the multivalent interaction between 

these two proteins using multiple biochemical assays and crystal structures, and shows that 

combinations of the different binding sites in the LRRK2 protein significantly enhance the binding 

strength of 14-3-3. In addition, in silico evaluation of the crystal structures presents a potential druggable 

pocket for PPI stabilization, which is of significant interest as a possible drug target for the treatment 

of Parkinson’s disease. 

To give insight in the functions of the multivalency in 14-3-3 PPIs, chapter 4 re-evaluates the 

binding data of chapter 2 and 3, compares them, and analyzes the thermodynamics of the interactions 

in more detail. A model is established based on a ditopic host-guest system featuring the effective 

molarity as the prime model parameter governing the intramolecular binding step in the divalent 

interactions. The fitting of the data shows a strong enthalpy-entropy correlation in both the CFTR and 

LRRK2 systems. Additionally, simulations are made for the entire phosphorylated protein domains of 

CFTR and LRRK2 to unravel the role of multiple binding sites upon 14-3-3 binding. In these 

simulations, the CFTR protein preferably binds to 14-3-3 by a combination including its strongest 

binding site pS768. However, when this site is eliminated, the other binding sites take over its function 

leading to only minor decrease in binding affinity for 14-3-3. The simulation of the LRRK2 protein 

depends very much on the degree of participation of the most distantly located pS1444-site in the 

interaction. However, when two 14-3-3 dimers are allowed to bind to one LRRK2 protein, the simulation 

shows that one dimer binds in the phosphorylation rich disordered domain of LRRK2 and another 

dimer binds monotonically to the distantly located pS1444 site.  

Because stabilization of the 14-3-3/CFTR interaction showed to be a promising new approach for 

cystic fibrosis therapeutics, the possibilities for modulation of this interaction are explored more 

extensively in chapter 5. By a combination of high-throughput screening and rational design, multiple 

stabilizers are found for the interaction between 14-3-3 and CFTR. One of these compounds showed 

promising results in both localization and functional cellular CFTR assays. Additionally, the crystal 

structure of the 14-3-3/CFTR-peptide/compound complex showed a previously uncharacterized site of 

binding and stabilization mechanism for 14-3-3. 

In conclusion, the work presented in this thesis provides insights into the biological role of 

multiple phosphorylated 14-3-3 binding sites within one protein. Additionally, it provides a new class 

of 14-3-3 PPI stabilizers, which has great potential in cystic fibrosis drug development. 
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Stabilisatie van Multivalente 14-3-3 Eiwit-Eiwit Interacties 

Eiwit-eiwit interacties (EEIs) zijn essentieel voor bijna alle cellulaire processen. Voor het begrijpen 

van de biologische rol van een bepaald eiwit is het belangrijk om het onderliggende EEI netwerk te 

begrijpen en te kunnen manipuleren. Daarnaast kunnen we door bepaalde EEIs te verhinderen of te 

stabiliseren ingrijpen in cellulaire signaal ‘paden’ die belangrijk zijn in ziektes, waardoor er mogelijk 

nieuwe therapeutische aanpakken ontstaan voor medicijn ontwikkeling. Met honderden bekende eiwit 

interactie partners is de 14-3-3 eiwit familie een interessante casus om EEI modulatie door middel van 

kleine moleculen te bestuderen. 14-3-3 eiwitten zijn alomvertegenwoordigde eukaryotische eiwitten die 

betrokken zijn in veel verschillende cellulaire processen zoals de controle van de celcyclus, 

signaaltransductie, eiwit lokalisering en apoptose. Door te binden aan andere eiwitten kan 14-3-3 

assisteren in eiwit vouwing, eiwit lokalisering en andere EEIs stabiliseren of verhinderen. 14-3-3 

eiwitten komen voor als dimeren waarvan elk monomeer bestaat uit negen alfa-helices die een groeve 

vormen die kan binden aan voornamelijk gefosforyleerde eiwit partners. Dit proefschrift focust op een 

specifieke klasse 14-3-3 interactie partners: eiwitten die meerdere serine en/of threonine residuen 

bevatten die na fosforylering een interactie kunnen aangaan met 14-3-3. Door twee klinisch relevante 

multivalente 14-3-3 EEIs te bestuderen willen we de functie van multivalentie in deze interacties 

onderzoeken, en uitvinden wat de mogelijkheden en uitdagingen zijn voor het moduleren van 

multivalente 14-3-3 EEIs.  

Het werk in hoofdstuk 2 focust op de interactie tussen 14-3-3 en het CFTR-eiwit (de ‘cystic fibrosis 

conductance regulator’). De binding van het 14-3-3 eiwit aan het regulerende (R) domein van het CFTR-

eiwit verbeterd het transport van CFTR naar het plasmamembraan van de cel, hetgeen dat verstoord is 

bij de meeste patiënten met taaislijmziekte. Het intrinsiek niet-gevouwen R-domein bevat negen 

verschillende gefosforyleerde 14-3-3 bindingsmotieven. Verschillende biochemische testen en kristal 

structuren laten zien dat de interactie tussen 14-3-3 en CFTR wordt gevormd door twee van deze 

bindingsplekken: de primaire bindingsplek van CFTR (pS768) bindt in één groeve van het 14-3-3 

dimeer, en een secundaire zwakkere bindingsplek bindt in de andere groeve. Daarnaast laat dit werk 

zien dat Fusicoccin A, een natuurproduct molecuul, de interactie tussen de twee eiwitten kan 

stabiliseren door een interactie aan te gaan met een van de secundaire bindingsplekken van CFTR 

(pS753). De stabilisatie van deze interactie stimuleert het transport van gemuteerde CFTR naar het 

plasmamembraan. Dit laat zien dat de 14-3-3/CFTR interactie gemoduleerd kan worden en dat dit tot 

een nieuwe aanpak van medicijn ontwikkeling voor taaislijmziekte kan leiden.  
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Hoofdstuk 3 presenteert de studie van de 14-3-3 interactie met het LRRK2-eiwit (de ‘leucine-rich 

repeat kinase 2). Het binden van 14-3-3 aan LRRK2 is verstoord bij een aantal genetische mutaties die 

relevant zijn voor de ziekte van Parkinson. Belemmering van deze interactie is gerelateerd aan 

verhoogde LRRK2 kinase activiteit wat leidt tot een verhoogde ubiquitinatie van LRRK2, accumulatie 

van LRRK2 in insluitlichaampjes en een verkorting van de neurieten. Het LRRK2 eiwit heeft vijf 14-3-

3 bindingsplekken die dicht bij elkaar liggen in een intrinsiek niet-gevouwen regio en een extra 

bindingsplek (pS1444) verderop in een ander domein van het eiwit. Dit hoofdstuk karakteriseert door 

gebruik te maken van verschillende biochemische testen en kristalstructuren de multivalente interactie 

tussen deze twee eiwitten, en laat zien dat het combineren van verschillende bindingsplekken in het 

LRRK2 eiwit de bindingsterkte voor 14-3-3 significant versterkt. Daarnaast is met een in silico evaluatie 

van de kristalstructuren een ruimte gedetecteerd die potentie heeft voor de ontwikkeling van een 

stabiliserend molecuul, wat kan leiden tot medicijn ontwikkeling voor de ziekte van Parkinson.  

Om inzicht te krijgen over de functie van multivalentie in 14-3-3 EEIs wordt in hoofdstuk 4 de 

bindingsdata van hoofdstuk 2 en 3 nogmaals geëvalueerd, vergeleken en wordt de thermodynamica 

van de interacties in meer detail geanalyseerd. Een model is opgesteld gebaseerd op een ditopische 

gastheer-gast systeem dat effectieve molariteit als de primaire model parameter gebruikt voor de 

intramoleculaire bindingsstap in de divalente interacties. Het fitten van de data laat een sterke 

correlatie zien tussen de enthalpie en entropie in beide systemen (CFTR en LRRK2). Daarnaast zijn er 

simulaties gemaakt voor de gehele gefosforyleerde eiwit domeinen van CFTR en LRRK2 om de rol van 

de verschillende bindingsplekken in het binden aan 14-3-3 te ontrafelen. Deze simulaties laten zien dat 

het CFTR eiwit prefereert om aan 14-3-3 te binden met een combinatie van bindingsplekken waarvan 

één de sterkste bindingsplek pS768 is. Maar wanneer deze bindingsplek geëlimineerd wordt nemen 

de andere bindingsplekken de functie over, wat leidt tot relatief kleine verlaging van affiniteit voor 14-

3-3. De simulaties van het LRRK2 eiwit hangen erg af van hoeveel de meest verwijderde pS1444 

bindingsplek deelneemt aan de interactie. Maar wanneer er twee 14-3-3 dimeren aan het LRRK2 eiwit 

kunnen binden laat de simulatie zien dat één dimeer aan het fosforylatie rijke domein van LRRK2 

bindt en het andere dimeer monotonisch aan de meer verwijderde pS1444 plek bindt.  

Omdat de stabilisatie van de 14-3-3/CFTR interactie veelbelovend is gebleken voor een nieuwe 

aanpak van therapieën voor taaislijmziekte, worden de mogelijkheden voor modulatie van deze 

interactie uitgebreider onderzocht in hoofdstuk 5. Door een combinatie van ‘high-throughput 

screening’ en rationeel ontwerpen zijn er meerdere stabiliserende moleculen voor de interactie tussen 

14-3-3 en CFTR gevonden. Een van deze moleculen laat veelbelovende resultaten zien in lokalisatie en 

functionele cellulaire CFTR testen. Daarnaast laat een kristalstructuur van het 14-3-3/CFTR-
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peptide/molecuul complex zien dat er een nog niet eerder ontdekt mechanisme voor 14-3-3 EEI 

stabilisatie is gevonden.  

Concluderend geeft het werk dat in dit proefschrift is beschreven inzicht in de biologische rol van 

de aanwezigheid van meerdere gefosforyleerde 14-3-3 bindingsplekken in een eiwit. Daarnaast wordt 

er een nieuwe klasse 14-3-3 EEI stabiliserende moleculen gepresenteerd die grote potentie hebben in 

onder andere medicijn ontwikkeling voor taaislijmziekte.  
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