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Chapter I | Introduction 

 

Abstract 

 

Targeting the complex network of protein–protein interactions (PPIs) has been 

identified as a promising drug-discovery approach to develop new therapeutic 

strategies. This chapter provides an overview of the general features and challenges 

of PPI modulation as well as the different drug discovery approaches developed so 

far. In particular, the structural and biological features and the modulation of 14-3-

3 PPIs for discovering small molecular modulators are discussed. 14-3-3 is a family 

of eukaryotic conserved regulatory proteins which are of high interest as potential 

targets for pharmacological intervention in human diseases, such as cancer and 

neurodegenerative and metabolic disorders. This viewpoint is built on the “hub” 

nature of the 14-3-3 proteins, binding to several hundred identified partners, 

consequently implicating them in a multitude of different cellular mechanisms. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Section I.IV of this chapter has been published as: Ballone, A., et al., 2018. 14-3-

3: A Case Study in PPI Modulation. Mol. Basel Switz. 23. 
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I.I Protein-protein interactions (PPIs) 

 

PPIs are defined as specific non-covalent physical interactions within the molecular 

interfaces of proteins such as ionic, hydrogen-bonds and hydrophobic contacts that 

occur in a living organism with the purpose of protein production, degradation, 

signal transduction and regulation [1]. PPIs can result from the interaction between 

identical or non-identical chains (homo- or hetero-oligomers) and they can involve 

the same surface of both monomer (isologous assemblies) or different surfaces 

(heterologous assemblies) [2]. PPIs can also be distinguished as permanent or 

transient interactions. Permanent interactions are very stable and hence exist only 

in the complexed form. Transient interactions are temporary and typically require a 

set of conditions that promote the interaction, such as phosphorylation, 

conformational changes, or localization to specific areas of the cell. Transiently 

interacting proteins are involved in a wide range of cellular processes. Thus, PPIs are 

frequently considered as potential targets for the development of new therapeutic 

strategies, both by inhibition or stabilization of complexes, but they are generally 

endowed with a low or non-intuitive ligandability (or druggability) viewpoint [3]. 

Nowadays, estimates of the complex network of direct interactions between proteins 

– identified as the interactome – in humans range from 130.000 to 650.000 [4,5]. 

However, structural information is limited to 8% of the total interactome [6]. The 

number of available 3D structures is even smaller for PPI proteins containing an 

inhibitor or stabilizer that modulates effectively its protein partner [3]. For this 

reason, to improve the structural knowledge, in-silico techniques have been 

developed with the purpose of predicting 1) the binding sites of known structures in 

an unbound state and/or 2) the possible cavities of the PPI interface to bind potential 

drug-like molecules [7]. 
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I.II Ligandability of the PPI interfaces and current methods for its 

exploration  

 

Proteins do not function in isolation; it is their interaction with other 

macromolecules (i.e. proteins, and nucleic acids) that mediates signaling and 

metabolic pathways and cellular mechanisms. The significance of PPIs within 

biochemical processes and the control of healthy and diseased states is extensively 

recognized [8]. PPIs are a promising family of molecular targets for the development 

of new tool compounds able to manipulate the progression of aberrant molecular 

pathways [9,10]. Nevertheless, in drug discovery, choosing “suitable” PPIs targets 

remains a significant challenge since, in some cases, the interaction within the 

protein complex is effectively “undruggable” and not yet fully understood [9,11]. In 

this context, it is more suitable to use the term “ligandability”, which describes the 

capability of a protein to bind small molecules with high affinity [12]. Namely, 

ligandability is a necessary but not sufficient condition for druggability which 

includes the pharmacokinetic and pharmacodynamic mechanism of the small 

molecule to bind the target protein [12]. More specifically, ligandability and 

druggability terms are used to describe only the in vitro potential for PPI 

modulation; it is not guaranteed that compounds able to bind are equally useful in-

vivo since features such as selectivity, metabolic stability, cell permeability, 

bioavailability and safety must also be fulfilled [3]. Likewise, key factors that regulate 

absorption, distribution, metabolism, and excretion (ADME) of a compound must 

be fully investigated in order to support the development of safer and more effective 

molecule [13]. From a ligandability perspective, the prediction of the ability of 

certain pockets of PPI interfaces to bind small molecules becomes fundamental to 

support the target selection [7]. Despite small molecules not having the necessary 

requirements to qualify as a drug, identifying residues or regions mainly responsible 

for driving binding – the so called hot-spots [11] – is already a proof-of-principle that 

the design of PPI modulators might be achievable [9]. A classic experimental way to 

describe hotspots in PPI binding interfaces is the use of X-ray protein 

crystallography which provides molecular insights into the basis of PPIs [14] as well 

as the structural hints of the binding mode of the small molecule, although it does 
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have limitations. Crystal structures are static snapshots of dynamic structures that 

characterize an ensemble average structure and/or the most stable conformation 

susceptible to crystallization; flexible loops are often missing from the electron 

density entirely [15]. Alanine-scanning mutagenesis examines the outcome of 

sequentially mutating amino acid residues to Ala in order to estimate the 

contribution of the individual residues (belonging to the hot-spot) to the binding 

energy of a PPI interaction [11]. Fragment-based drug discovery (FBDD) is a key-

strategy for assessing if a ligand of low complexity can bind or not to the target 

protein [12]. It consists in first detecting small chemical fragments (~300 Da) that 

may only bind with millimolar affinity to their PPI targets. With the purpose of 

designing a “lead” compound with stronger affinity, the fragments are then 

optimized via organic synthesis by expanding them or linking them to other 

fragments that bind to proximate regions on the target (tethering) [9,16].  

In-silico methods, among them molecular dynamics (MD) simulations, can be useful 

to 1) understand the dynamic of the target (i.e. molecular mechanism underlying an 

deviant biological process) [7] and 2) identify small molecules that can bind both 

exposed or cryptic protein complex cavities conformation with femtosecond time 

resolution [17] (i.e. accessing ligand binding poses, stability and dynamics of the 

binding poses). Homology modelling is a technique that uses existing 3D structures 

in order to build as-yet unknown structures. This technique works well only if the 

basis structure and target are similar, therefore this is of limited use in many cases 

[18]. 

 

 

I.III PPI modulation: stabilization VS inhibition 

 

Modern drug discovery has shown how the binding of certain classes of small 

molecules to the related PPI targets might have an effect in terms of inhibition or 

stabilization [19] (Figure 1).  
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Figure 1. Schematic strategies for small molecule (yellow) influencing 
PPIs. The affinity of two proteins (maroon/green) can be decreased by either 
orthosteric or allosteric inhibition, while stabilization can occur through binding at 
the rim of the interface of the PPI or allosterically. 
 

The potential of PPI modulation has been largely documented for the development 

of inhibitors that disrupt or prevent a binary protein complex. In contrast, the 

opposite strategy to stabilize PPIs has not yet been fully understood in order to 

develop a systematic approach [19]. In this section some relevant examples are 

reported. 

A significant number of small molecules PPI inhibitors presently in clinical trials 

belong to the orthosteric class [20]. ABT-199 is a first-in-class orally bioavailable 

BCL-2–selective inhibitor that shows potent cell killing in vitro and antitumor 

efficacy in vivo (Figure 2A) [21]. The inhibition effect of RVX-208 for BET 

bromodomains (Figure 2B) has been fully characterized and it is currently in phase 

I/II clinical trials for the treatment of cardiovascular diseases associated with 

atherosclerosis [22,23] and it has more recently entered clinical studies on 

Alzheimer’s disease [24,25]. Differently, the biological effect might be more complex 

in the case of allosteric inhibition of a PPI. This will result in a stabilization or 

inhibition effect of the PPI elsewhere within the same pathway; as an example, the 

inhibition of K-Ras takes place by two mechanisms: 1) stabilization of the K-Ras-

GDP form and 2) disruption of the K-Ras interaction with its nucleotide exchange 

factor Son of sevenless homolog 1 (SOS1) [26], therefore decreasing the kinase 

cascade for uncontrolled cell growth in cancer tumorigenesis [27,28] (Figure 2C).  
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Figure 2. Examples for inhibitors of PPI. (A) Apoptosis regulator BCL-2 
bound to inhibitor ABT-199 preventing BH3 protein interaction (PDB: 4MAN) [21]. 
(B) RVX-208 bound to the monomer of BRD2(BD2), preventing interaction with 
peptide ligand (PDB: 4MR6) [24]. (C) Allosteric destabilization of the KRas–Sos–
interaction through a covalently attached inhibitor (PDB: 4LV6) [29].  
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Tafamidis-bound transthyretin (TTR) demonstrates the stabilization of the weaker 

dimer-dimer interface against dissociation, the rate-limiting step of 

amyloidogenesis caused indeed by aggregation of TTR (Figure 3A) [30]. The small 

molecule CC0651, with the potential for cancer treatment, stabilizes the normally 

weak enzyme–substrate complex between ubiquitin and Cdc34a and thereby 

impedes ubiquitin transfer for the cancer treatment (Figure 3B) [31]. 

 

 

Figure 3. Examples for stabilizers of PPI. A) Dimer of transthyretin stabilized 
by two molecules of Tafamidis (PDB: 3TCT) [30]. (B) Allosteric stabilization of the 
Cdc34–Ubiquitin interaction through small molecule CC0651 (PDB: 4MDK) [31]. 
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PPI modulation driven via stabilization shows advantageous features when 

compared to inhibition such as 1) stabilizer compounds are uncompetitive in nature, 

more specifically, they do not need to compete neither with a small molecule or 

another macromolecule (i.e. protein, nucleic acids, etc.) for their binding pocket. 

This is useful for reaching a significant physiological activity on their targets. 2) It 

can be estimated that the amount of binding energy that has to be added by a small 

molecule binding process to an already existing and biologically relevant PPI is much 

less than the energy that is needed to disrupt it. This would permit for a weaker 

overall affinity of the stabilizing ligand in contrast to an inhibitor of a PPI interface 

[19].  

In conclusion, uncompetitive binding modes seem to be an encouraging approach 

for targeting PPI with small molecules. However, modulating certain PPI via 

stabilization or inhibition remains a very challenging question since the structural 

and biophysical characterization of the protein complexes is essential to delineate 

the modes of action for a small molecule which significantly change from target to 

target [20]. In addition to this, the hard task in PPI modulation drug discovery is the 

identification of the most promising targets in order to develop new pharmacological 

interventions [32]. 

Taking into account all these concepts, the focus of the work presented here in this 

thesis is based on 14-3-3 PPI as a case of study. To date, promising results have been 

obtained by inhibiting or stabilizing 14-3-3 PPIs by means of small molecules, which 

will be discussed in more details in the next sections. Nevertheless, further studies 

are still required to design more potent 14-3-3 modulators as new tool compounds 

able to analyze 14-3-3 PPI ligandability/druggability. In this context, due to the 

structural rigidity of 14-3-3, X-ray protein crystallography and computational 

approaches should be the methods of first choice [33]. 

 

 

I.IV 14-3-3 proteins 

 

14-3-3 is a family of conserved eukaryotic regulatory proteins involved in a multitude 

of biological processes, such as signal transduction, viral and bacterial pathogenesis, 
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apoptotic cell death, and cell cycle control. It was discovered in 1967 by Moore and 

Perez in brain tissue (Moore and V. J. Perez, Specific acidic proteins of the nervous 

system 1967); the name is derived from a combination of its fraction number (14) on 

DEAE-cellulose chromatography and its migration position in subsequent gel 

electrophoresis (3-3). There are seven mammalian 14-3-3 isoforms, named with 

Greek letters σ, ζ, β, γ, η, ε, and τ [34,35]. All isoforms share a high degree of 

sequence conservation among species [36]; however, the biological role in, for 

example, pathogenesis for each of the isoforms has not been completely understood 

[10,37].  

The 14-3-3 proteins exist mainly as dimers with a monomeric molecular mass of 

approximately 30,000 Da. Each monomer consists of a bundle of nine alpha helices 

organized in an antiparallel fashion. Its functional form is represented by the homo- 

or the heterodimer showing the typical W-like shape, which is formed by monomers 

of different isoforms [38,39] (Figure 4).  

 

 

Figure 4. Crystal structure of 14-3-3 (PDB ID: 5EXA) [40]. The molecular 
assembly of the structure elements are shown in cartoon and surface representation 
(chain A in light-pink and chain B in white). Antiparallel arrangement of nine alpha 
helices leads to the W-like shape of the 14-3-3 dimer. 
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Salt bridges and hydrophobic interactions are responsible for the stability of the 

dimeric structure [41]. The concave surface is characterized by an amphipathic 

groove in each monomer; on one side of the groove, helices 3 and 5 present a cluster 

of charged polar residues. On the other side of the groove, helices 7 and 9 present a 

patch of hydrophobic residues (Figure 5). The residues belonging to the groove are 

mostly conserved among the different isoforms of the 14-3-3 family, while there is 

more variation in the exterior of the W-shaped protein structure [42]. 

 

Figure 5. View of the monomer of the 14-3-3ζ isoform (PDB ID: 5EXA) 
[40]. (A). The molecular assembly of the structural elements is shown in cartoon 
and surface representation. Hydrophobic, of the structural elements is shown in 
cartoon and surface representation. Hydrophobic, basic and acidic residues are 
depicted in green, blue and red, respectively (B,C). View of the monomer turned 
turned by 90 degrees around the y-axis; helices from 1 to 9 constituting the classical 
14-3-3 monomer are represented as well as residues that belong to the phospho-
acceptor side and residues that establish the hydrophobic interactions.   



Chapter I | Introduction 

 
 

 11 

I.IV.I 14-3-3 proteins in PPI modulation 

 

14-3-3 proteins have the ability to bind to many functional signaling protein 

(ligands), thereby mediating their physiological effect. In this context, the 

association/dissociation of these protein complexes becomes the key dynamic 

process for the regulation of different protein mechanisms. Depending on its 

interaction with specific protein partners, 14-3-3 participates in several regulatory 

processes, such as cell cycle control, survival signaling, cell adhesion and neuronal 

plasticity [43]. For this reason, growing the knowledge in the field of 14-3-3/ligand 

interactions can be defined as an important starting point for the development of 

new therapeutic approaches in drug discovery. The variability in the outside surface 

of the protein might define the specificity of the 14-3-3 proteins for their interaction 

ligand. Likely, the complex formation depends on binding of the consensus sequence 

to the amphipathic groove and concurrent recognition of outside amino acids by a 

partner protein. Of particular importance is the common determinant binding of a 

phosphorylated residue of the ligand that mediates the contact with 14-3-3. Two 

major consensus binding motifs are represented by the mode-I RSX-pS/T-XP 

peptide and the mode-II RXXX-pS/T-XP, where X is a generic amino acid (cysteine 

excluded), with pS/T standing for phosphorylated serine or threonine [44] (Figure 

6). In particular, the side chains of Arg56, Arg129, Tyr130, and Lys49 of the 

conserved amphipathic groove form the primary phospho-accepting pocket within 

the binding channel [45,46]. 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 [47] (Figure 6). Currently, in several bioinformatics 

and biochemical studies, almost 600 interaction partners of 14-3-3 have been 

identified [48]. More than 40 14-3-3/ligand complexes have been solved by means 

of X-ray crystallography, which is thus a valuable tool for exploring structural 

features of this protein family [49,50]. 

With hundreds of known PPIs, the family of 14-3-3 proteins represent an especially 

interesting case for the study of PPI modulation. Moreover, 14-3-3 has not been 

directly linked to a specific disease, it has been implicated in a variety of biological 

processes, including cell cycle regulation, signal transduction, protein trafficking, 
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and apoptosis [51], as well as cancer development and progression. Particularly, 14-

3-3 proteins participate in phosphorylation-dependent protein–protein interactions 

that control progression through the cell cycle, initiation and maintenance of DNA 

damage checkpoints, activation of MAP kinases, prevention of apoptosis, and 

coordination of integrin signaling and cytoskeletal dynamics [52]. Besides neoplastic 

alterations, 14-3-3 proteins have been related to the development of 

neurodegenerative disease [53,54]. In this context, 14-3-3 was found to bind Tau 

[55–57], stimulating its aggregation in neurofibrillary tangles, which are abundant 

in patients affected by Alzheimer disease [58]. Recently, the role of 14-3-3 in other 

pathologies has emerged; for example, cystic fibrosis, through the regulation of the 

trafficking of the cystic fibrosis transmembrane conductance regulator (CFTR) 

protein [59]. The PPI interaction between 14-3-3 and the ubiquitin specific protease 

8 (USP8) has recently been shown to exert a significant role in the pathogenesis of 

Cushing’s disease through the regulation of USP8 enzymatic activity [60,61]. 

Another relevant example is the GTPase activity of Ras, which is modulated through 

its protein–protein interaction with SOS1. Modulation of this interaction affects 

downstream PPI-mediated kinase activities within the entire pathway due to binding 

of 14-3-3 to SOS1 [28]. One more emerging area of investigation is presented by the 

role of 14-3-3 in parasite proliferation and survival and as potential vaccine 

candidates [62]. 
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Figure 6. Common recognition motif for 14-3-3 proteins that contain a 
phosphorylated serine or threonine; mode II for the complex Son of sevenless 
homolog 1 SOS1/14-3-3ζ (PDB ID: 6F08) [28] (A). 14-3-3ζ (white surface) and the 
peptide SOS1 (red sticks). Mode III for the complex ERα/14-3-3σ (PDB ID: 4JC3) 
[63] (B). 14-3-3σ (white surface) and the peptide ERα (red sticks). Mode I for the 
complex ubiquitin specific protease 8 (USP8)/14-3-3ζ (PDB ID: 6F09) [60] (C). 14-
3-3ζ (white surface) and the peptide USP8 (red sticks). 
 

 

I.IV.II Stabilizers of 14-3-3 PPIs 

 

PPIs are involved in all diseases and, nowadays, they are considered a significant 

topic in drug discovery. The modulation of these PPIs with small molecules 

represent a key strategy for designing novel bioactive compounds to enlarge the 

druggable genome (see example Figure 7). A number of very interesting natural and 

synthetic molecules have been reported in the literature that achieve their 

physiological activities by stabilizing either homo- or hetero-oligomeric complexes 

of their target proteins [64]. 
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Figure 7. Example of a stabilizer that binds to the interface of 14-3-3 
(white surface) and a peptide motif (red sticks) binding within the 
groove. When this peptide motif binds within the 14-3-3 groove, a druggable pocket 
is formed. A semisynthetic fusicoccin derivative (16-O-Me-FC-H) (cyan sticks) binds 
to this pocket and stabilizes the potassium channel subfamily K member 9 (TASK-
3) and 14-3-3 motif complex. The information was obtained analyzing the PDB entry 
4FR3 [65]. 
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Natural Products  

 

The natural product fusicoccin-A (FC-A) is a metabolite produced by the fungus 

Phomopsis amygdali. It is a member of a class of diterpene glycosides bearing a 5-

8-5 ring structure called fusicoccin. FC-A was the first reported stabilizer of a 14-3-

3/client protein interaction [66]. FC-A was found to stabilize the 14-3-3 complex 

with the plasma membrane H+ -ATPase (PMA2) with a 90-fold enhancement of the 

affinity between the two proteins. Structural details of the 14-3-3/PMA2/FC-A 

complex have been clarified via X-ray crystallography [67]. The terpene ring is 

buried in a hydrophobic pocket at the interface of the two proteins, while the sugar 

moiety is solvent exposed. Later, FC-A was found to stabilize also the binding of 14-

3-3 to cystic fibrosis transmembrane conductance regulator (CFTR) (Figure 8A) and 

to promote its trafficking to plasma membrane [68]. Another important example is 

given by the stabilizing activity of FC-A toward the complex between human 14-3-3 

sigma and the truncated phosphopeptide of RAF proto-oncogene serine/threonine 

protein kinase (C-Raf) [68]. Even if the reported systems were only approximations 

of the physiological complexes, as a 14-3-3 PPI stabilizer, FC-A could be a relevant 

tool compound for exploring the role of 14-3-3 in human diseases [54]. An example 

was given in a study where FC-A was used to target and stabilize the interface 

between ERα and 14-3-3, highlighting the potential druggability of this protein 

protein interaction surface for alternative therapeutic designs in breast cancer [69]. 
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Figure 8. Examples of the different natural 14-3-3 protein–protein 
interaction (PPI) stabilizers. (A) Left side: crystal structure of 14-3-3ζ (white 
surface) in complex with peptide cystic fibrosis transmembrane conductance 
regulator (CFTR) R-domain pS753-pS768 (red sticks) and stabilizer fusicoccin-A 
(cyan sticks) [59]; right side: chemical structure of fusicoccin-A; (B) left side: crystal 
structure of 14-3-3ζ (white surface) in complex with a dephosphorylated C-RAF 
peptide (red sticks) and cotylenin A (cyan sticks) [69]; right side: chemical structure 
of cotylenin A; (C) right side: chemical structure of mizoribine. 
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Cotylenin A (CN-A) is a natural product closely related to FC-A that is produced by 

the fungus Cladosporium sp.501-7W. The crystal structure of CN-A in complex with 

14-3-3 and the N-terminal binding motif of C-Raf, published in 2013 [69] (Figure 

8B), provided important insights into how this small molecule stabilizes a cancer-

relevant protein complex. Particularly, CN-A was found to bind the inhibitory sites 

of C-Raf (pSer233 and pSer259), but not the activating site pSer621, due to a sterical 

and electrostatic conflict between the glutamate at the +1 position from the 

phosphorylation site and the ring system of CN-A [69]. Furthermore, another study 

demonstrated how specificities for individual 14-3-3/target protein complexes might 

be achieved by varying the substituent pattern of the diterpene ring system [50]. As 

fusicoccin A and cotylenin A can play different roles in human cancers, 

hydroxylation of C12 might be considered as an adequate factor of structural 

specificity [50]. Another significant example that indicates the activity of CN-A in 

human cancers was given by the group of Kato, who suggested that ISIR-050 

(designed as a CN-A mimic) and CN-A induce the same pharmacological response 

to IFNα-treated cancer cells [70]. 

Mizoribine (MZB) (Figure 8C) is a compound isolated from Eupenicillium 

bredfedianum. It was found to have, in vivo, inhibitory activity against the 

development of delayed hypersensitivity reaction to tubercle bacilli, as well as an 

immunosuppressive activity [71]. In vitro studies have shown that this imidazole 

nucleoside enhances the interaction of glucocorticoid receptors (GRs) with 14-3-3 

[72]. 

 

Semisynthetic Fucicoccanes 

 

The 5-8-5 fused ring scaffold of fusicoccin and cotylenin is highly complex. In search 

for selectivity, structure-based design has instructed the semi-synthesis of potent 

analogues. For example, the semi-synthetic derivative FC-THF has been shown to 

infer a 20-fold stabilization to the complex between 14-3-3 and the potassium 

channel TASK-3. The derivative bearing an additional furan ring was 

 designed as a “mode III” specific stabilizer [65] (Figure 9A). Another semi-synthetic 

fusicoccin-derivative (ISIR-005) has been proved to stabilize the cancer-relevant 
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interaction of the adaptor protein 14-3-3 and Gab2. The stabilizing molecule binds 

to the rim of the interface of the protein complex in a pocket in the direct vicinity of 

the 14-3-3/Gab2pT391 interface [40] (Figure 9B). 

 

 

Figure 9. Examples of the different semisynthetic 14-3-3 PPI stabilizers. 
(A) Left side: crystal structure of 14-3-3σ (white surface) in complex with TASK-3 
peptide (red sticks) and stabilizer fusicoccin A-THF (cyan sticks) [65]; right side: 
chemical structure of fusicoccin A-THF; (B) left side: crystal structure of 14-3-3ζ 
(white surface) in complex with Gab2 peptide (red sticks) and ISIR-005 (cyan sticks) 
[40]; right side: chemical structure of ISIR-005. 
 

Synthesis Products 

 

With the aim to identify novel and chemically diverse stabilizers of 14-3-3 PPIs, in 

2010, a high-throughput screening led to the identification of pyrrolidone 1. The 

crystal structure of the small molecule in complex with 14-3-3 and PMA2 showed 

how the trisubstituted pyrrolinone occupies a site that substantially overlaps with 

the binding pocket of FC-A [73] (Figure 10A). Starting from the pyrrolidone1/14-3-

3/PMA2 crystal structure, a further optimization led to the structure of pyrazole 34 
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(Figure 10B). Three important modifications for the enhancement of the activity 

leaded the synthesis of a derivative, pyrazole37: (1) conversion of the pyrrolinone 

scaffold into a pyrazole, (2) introduction of a tetrazole moiety to the phenyl ring that 

contacts PMA2, which allows to position the stabilizer deeper into the rim of the 

interface, and (3) addition of a bromine to the phenyl ring that exclusively contacts 

the 14-3-3 protein [74]. 

Recently, AMP has been reported to stabilize the complex of 14-3-3 with the 

carbohydrate-response element-binding protein (ChREBP) [75]. Differently from 

most 14-3-3 interactions, this complex shows a phosphorylation-independent 

binding mechanism. The crystal structure shows how AMP occupies the same area 

where, in the phosphorylation-dependent 14-3-3 interactions, the phosphorylated 

serine or threonine is normally positioned. The small molecule establishes polar 

contacts with both 14-3-3 protein and the α2 helix of ChREBP, acting as a direct 

orthosteric PPI stabilizer (Figure 10C). 

Molecular tweezers are supramolecular ligands, characterized by the alternating 

conjunction of benzene and norbornadiene entities. The semicircular shape of the 

molecule creates a cavity able to selectively accommodate long and thin side chains 

like lysines or arginines. In 2013, Bier et al. showed how a supramolecular ligand can 

modulate a 14-3-3 PPI: the lysine-specific molecular tweezer binds to a 14-3-3 

adapter protein and inhibits its interaction with partner proteins, such as C-Raf and 

Exoenzyme S (ExoS) [76]. More recently, another study revealed that, with another 

14-3-3 partner protein (Cdc25C), molecular tweezer CLR01 can stabilize the 

interaction. The crystal structure of the ternary complex of 14-3-3, CLR01, and the 

Cdc25CpS216 peptides revealed that CLR01 accommodates an arginine side chain 

of Cdc25C in its inner cavity and simultaneously uses its outer surface to bind into 

the amphipathic groove of the 14-3-3 protein (Figure 10D) [77]. 

Very often, protein regions involved in PPIs display a high degree of intrinsic 

disorder, which is reduced during the recognition process. This is also the case for 

the binding of the rigid 14-3-3 adapter proteins to numerous partner proteins, whose 

recognition motifs undergo an extensive disorder-to-order transition [77]. Cdc25C 

is a dual specificity phosphatase involved in the dephosphorylation in the nucleus, 

thus in the activation of a cyclin-dependent kinases (Cdks) and in the control of cell 
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cycle progression and proliferation [78]. The nuclear import of Cdc25C can be 

negatively regulated by 14-3-3 proteins able to bind to a recognition motif enclosing 

the phosphorylated serine 216 (Cdc25CpS216) of the phosphatase [79]. Addition of 

CLR01 increased the apparent affinity of the Cdc25CpS216 peptide toward 14-3-3ζ 

by around 20-fold. The crystal structure of the ternary complex between 14-3-3ζ, the 

Cdc25CpS216 peptide, and CLR01 revealed that the molecular tweezer establishes a 

direct contact with the N-terminus of Cdc25CpS216 and simultaneously binds via its 

outer aromatic surface to the region containing residues Ser63 and Ser64 of 14-3-3ζ, 

the side chains of Trp59 and Tyr179, in addition to the hydrocarbon parts of the side 

chains of Arg60 and Glu180 [77]. This work showed the first proof of a 

supramolecular molecule stabilizing the binding of an intrinsically disordered 

recognition motif to a rigid partner protein. The molecular tweezer fills a gap in the 

protein–protein interface and “freezes” one of the conformational states of the 

intrinsically disordered Cdc25C protein partner, this way enhancing the apparent 

affinity of the interaction. 
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Figure 10. Examples of different synthetic 14-3-3 PPI stabilizers. (A) Left 
side: crystal structure of TASK-3 (white surface) in complex with plasma membrane 
H+ -ATPase (PMA2) peptide (red spheres) and stabilizer pyrrolidone1 (cyan sticks) 
[73]; right side: chemical structure of pyrrolidone1; (B) left side: crystal structure of 
14-3-3-like protein E (isoform of Nicotiana tabacum) (white surface) in complex 
with PMA2 peptide (ice blue spheres) and stabilizer pyrazole 34 (cyan sticks) [74]; 
right side: chemical structure of pyrazole 34; (C) left side: crystal structure of 14-3-
3β (white surface) in complex with carbohydrate-response element-binding protein 
(ChREBP) peptide (purple spheres) and stabilizer AMP (cyan sticks) [75]; right side: 
chemical structure of AMP; (D) left side: crystal structure of 14-3-3ζ (white surface) 
in complex with Cdc25C peptide (red sticks) and CLR01 (cyan sticks) [77]; right side: 
chemical structure of CLR01. 
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I.IV.III Inhibitors of 14-3-3 PPIs 

 

The first reported 14-3-3 inhibitor was the R18 peptide (Figure 11A), identified from 

a phage display [80]. The crystal structure revealed that the peptide binds the 

amphipathic groove of 14-3-3 and establishes polar interactions between its 

glutamic acid and three arginines of 14-3-3, as well as hydrophobic interactions with 

two leucine residues [81]. Thereafter, other peptide-based inhibitors have been 

developed, such as the macrocyclic peptides synthesized by the groups of Ottmann 

and Grossmann [82]. The inhibitors were based on the structure of the ExoS peptide 

(Figure 11B) and obtained with a ring-closing alkyne metathesis reaction [83]. The 

structure of the Tau peptide allowed obtaining another potent inhibitor (Figure 11C). 

The structure was designed with an extended hydrophobic area at the C-terminus 

that targeted the highly conserved pocket in the amphipathic groove of 14-3-3 [84]. 

Over the years, the implementation of computational tools has led to the 

development of non-peptidic 14-3-3 inhibitors. The group of Botta described the first 

non-phosphonate small-molecule inhibitors of 14-3-3 PPIs (BV02, BV101) (Figure 

11D) by applying structure-based pharmacophore modeling, virtual screening, and 

molecular docking simulations [85]. Other examples are the phosphonate inhibitors 

identified from a virtual screening, with follow-up analysis, synthesis, and 

crystallization [86]. One more class of phosphate-containing molecules, called 

molecular tweezers, have been reported by Bier et al. The supramolecular ligand was 

found to bind the residue K214, which is positioned at the edge of the amphipathic 

group of 14-3-3 [76]. 
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Figure 11. Examples of the different classes of 14-3-3 PPI inhibitors. (A) 
Crystal structure of peptide R18 (cyan sticks) in the 14-3-3ζ binding groove (white 
surface) (PDB ID: 1A38) [81]; (B) crystal structure of ExoS-derived alkyne cross-
linked cyclic peptide (cyan sticks) in the 14-3-3ζ binding groove (white surface) (PDB 
ID: 5J31) [83]; (C) crystal structure of modified Tau peptide hybrid 3b (cyan sticks) 
in the 14-3-3σ binding groove (white surface) (PDB ID: 5HF3) [84]; (D) chemical 
structures of BV02 and BV101. 
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I.V Aim and outline of this thesis 

 

All biological processes are modulated by interactions of macromolecules (i.e. 

protein, nucleic acids, etc.) that take place at the atomic scale, defined as PPIs. 

However, current techniques in drug discovery are limited by experimental 

constraints such as which 1) time scales and 2) regions of the protein (hot-spots) 

where the interactions occur. Such limitations require the use of an extended 

workflow, from biophysical techniques, rational design, and X-ray crystallography 

to computational modeling tools (i.e. MD simulations) to understand and extend the 

knowledge of these biochemical phenomena. In this context, the goal of this thesis 

has been to make use of a wide range of techniques to better comprehend the 

modulation of 14-3-3 PPIs as well as to assess their ligandability/druggability. 

Understanding the role of 14-3-3 PPIs could give more insights into the cellular 

behavior of 14-3-3, which is essential for the development of new therapeutic 

strategies, such as 14-3-3 modulators. The examples reported in this introductory 

chapter suggest how it may be possible to target certain types of disease and build 

up the first step towards a pharmacological intervention in human cells with 

aberrant cell proliferation and differentiation. Moreover, this chapter provides an 

overview of the structural and biological features of 14-3-3 and the modulation of 14-

3-3 PPIs for discovering small molecular inhibitors and stabilizers of 14-3-3 PPIs. In 

each further chapter a full atomic picture of different 14-3-3 PPIs are shown, 

revealed by means of X-ray crystallography and other methods. In some cases, this 

was not possible by experimental techniques, and here the exploration of these PPIs 

from a ligandability perspective is supported/reinforced by the use of computational 

approaches.  

 

Chapter 2 focuses on the interaction between 14-3-3 and SOS1. This interaction 

becomes a highly interesting PPI in the context of the aberrant activation of Ras-

MAPK signaling, responsible for uncontrolled cell growth in cancer tumorigenesis 

(i.e. pancreatic cancer). This chapter attempts to shed some light on the 3D structure 

of 14-3-3ζ in complex with a 13mer peptide motif derived from SOS1 and 

phosphorylated at position 1161 (SOS1pS1161) in order to provide structural 
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information of the binding mechanisms behind this PPI system. Different 

biophysical assays such as fluorescence polarization (FP), isothermal titration 

calorimetry (ITC) and differential scanning fluorimetry (DSF) are presented to 

support the X-ray crystallography data.  

 

Chapter 3 describes the structural characterization of 14-3-3σ in complex with 8-

mer and 9-mer peptide motifs derived from phospholamban (PLN) protein 

phosphorylated at position 16 or 17. Since, for both cases, X-ray protein 

crystallography was not successful during the crystallization process, the structural 

models were achieved by two computational approaches: 1) homology modelling and 

2) MD simulations. The structural details provided by MD simulations here are in 

agreement with available crystallographic structures on similar systems in the 

protein data bank (PDB). This chapter is therefore emphasizing the advantage of in-

silico methods in drug discovery as useful alternative and/or supplementary aid to 

experimental approaches.  

 

The new soaking methodology reported in chapter 4 is the outcome of an 

experiment randomly tried with the purpose of crystallizing 14-3-3σ/SOS1pS1161 

complex, main protagonist of chapter 2 with 14-3-3ζ isoform. The successful 

technique is applied to several peptides already published in the PDB with different 

14-3-3 isoforms becoming a proof-of-principle demonstration when comparing the 

new model with the known 3D structure. A full described protocol is provided as 

supporting guidance during the crystallization process of any protein-peptide 

system. 

 

Chapter 5 is the continuation of the work presented in chapter 2. With the goal of 

finding new tool compounds able to bind 4-3-3ζ/SOS1pS1161 system, this chapter 

describes a fragment-based screening carried out via Nucleic Magnetic Resonance 

(NMR) in combination with MD simulations to explore the ligandability of this 

protein-peptide complex.  
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The epilogue aims to report future perspectives for this work of thesis, and, to 

some more extend, for all 14-3-3 PPIs modulation drug discovery research projects. 

Possible advantages of working with full-length phospho-partner proteins of 14-3-3 

are extensively discussed as well as aspects regarding selectivity, specificity and 

druggability of 14-3-3/ligand systems. 
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Chapter II | Characterization of the interaction between 14-

3-3 and SOS1 

 

Abstract 

 

The deviant Ras activation machinery is found in approximately 30% of all human 

cancers. SOS1 is an important protagonist of this pathway that plays a key-role in 

aberrant cell proliferation and differentiation. Interaction of SOS1 with 14-3-3 

proteins modulates SOS1 activity in Ras-MAPK signaling. In the present study, we 

analyze the 14-3-3/SOS1 PPI by different biochemical assays and report the high-

resolution crystal structure of a 13-mer motif of SOS1 bound to 14-3-3ζ. These 

structural and functional insights are important for the evaluation of this PPI 

interface for small-molecule stabilization as a new starting point for modulating the 

Ras-Raf-MAPK pathway. 

 

 

 

 

 

 

 

 

 

 

 

This chapter have been published as: Ballone, A., et al., 2018. Structural 

characterization of 14-3-3ζ in complex with the human Son of sevenless homolog 1 

(SOS1). J. Struct. Biol.  

 

and 

 

Ballone, A., et al., 2018. Protein X-ray crystallography of the 14-3-3ζ/SOS1 

complex. Data Brief 19, 1683–1687. 
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II.I Introduction 

 

Ras is a small GTP-ase that regulates the mitogen-activated protein (MAP) kinase 

pathways by coupling cell surface receptors to intracellular signaling involved in the 

control of cell proliferation and differentiation [1]. The activation of Ras is mediated 

by a variety of regulatory proteins such as guanine nucleotide exchange factors 

(RasGEFs) that catalyze the exchange of GDP (inactive state) for GTP (active state). 

The full activation of Ras is synchronized by the binding with the Ras guanine-

nucleotide exchange factor Son of sevenless (SOS) [2]. The membrane recruitment 

of SOS starts via the association of the adapter protein Grb2 which binds phospho-

tyrosine motifs on the activated receptor [3]. Subsequently, SOS binds Ras via an 

allosteric conserved pocket of SOS corresponding to the domain from residue 605–

1068 [4] leading to sequential activation of RAF, MEK and ERK kinases. One third 

of human cancers involve RAS mutations [5]; in particular, the deviant activation of 

Ras via SOS binding can be found in different human cancers [6] such as pancreatic 

cancer [7,8]. 14-3-3 proteins are a family of conserved regulatory proteins expressed 

in all eukaryotic organisms; in human cells there are seven 14- 3-3 isoforms β, γ, s, 

η, ζ, τ, σ [9,10]. They have the capability of binding several hundred signaling 

proteins [11] and regulate their physiological effects by modulating their subcellular 

localization, enzymatic activity or their ability to interact with other proteins [12,13]. 

Many of the several hundred 14-3-3 interaction partners characterized are disease-

relevant proteins involved in key cellular processes [12]. Recent studies have shown 

that the ribosomal S6 kinase (RSK), component of the Ras-MAPK signaling, 

phosphorylates SOS homolog 1 (SOS1) in vivo at Ser1134 and Ser1161  [14] and this 

mechanism creates 14-3-3 binding sites on SOS1. The binary complex 14-3-3/SOS1 

might reduce SOS1 catalytic activity or prevent its interaction with Ras. 

Alternatively, 14-3-3 might decrease the ability of SOS1 to bind to the plasma 

membrane and, in this way, attenuate Ras-MAPK signaling. Along these lines, 14-3- 

3 plays a key-role on the relocation of SOS1 to the cytosol, thus the interaction 

between 14-3-3 and SOS1 might be fundamental to downstream signaling proteins 

that are responsible for uncontrolled cell growth. In this context, the structural 

characterization of 14-3-3 binding sites in human SOS1 could be the starting point 
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for the development of new therapeutic strategies to interfere with irregular cell 

proliferation and differentiation. In the present study, biochemical assays and X-ray 

crystallography were carried out to provide structural and functional information 

about the 14-3-3-binding site surrounding SOS1pSer1161. 

 

 

II.II Results 

 

Since the previous data suggested a classical phosphoserine 14-3-3 binding motif 

around residue 1161 [14], we synthetized the motif with the phosphorylated serine 

1161 in the center surrounded by six amino acids of the natural sequence on each 

side to investigate the binding of this motif to all human 14-3-3 isoforms. Our 

biophysical cascade consisted of the use of FP, ITC and DSF. FP was chosen as the 

assay format to consider 14-3-3 isoform dependence. The 13-mer peptide was 

labeled on the N-terminus with Fluorescein isothiocyanate (FITC) and used as a 

tracer to measure pSer1161 binding. The result from the assays showed the motif to 

be a strong binder to all seven isoforms (Figure 1A) with Kd values typically in the 

low micromolar range. 14-3-3η binds the strongest, followed by β, γ, ε, τ, ζ, and σ 

respectively (Table 1). ITC measurements on the peptide showed the same trend in 

binding to 14-3-3β as observed in FP assay characterized by a Kd of 5.29 ± 0.56 μM 

(Figure 1B). Additionally, by DSF we measured the effect of the 13-mer peptide on 

the melting temperature of 14-3-3ζ and we observed a significant positive shift of 

about ΔT ≈ 3.82 ± 0.12 °C (Figure 1C).  

 

 

 

 

 

 

 

 

 



Chapter II | Characterization of the interaction between 14-3-3 and SOS1 

 
 

 36 

Table 1. Fluorescence polarization data. 

   Kd (μM) 

14-3-3σ  4.28 ± 0.14 

14-3-3ζ  4.06 ± 0.17 

14-3-3τ  2.16 ± 0.05 

14-3-3ε  1.15 ± 0.04 

14-3-3β  0.71 ± 0.02 

14-3-3η  0.21 ± 0.04 

14-3-3γ  0.88 ± 0.04 

Binding affinity of different proteins determined by 14- 3-3 titration to the 

SOS1pSer1161 peptide. 
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Figure 1. Biochemical assays. (A) Binding between SOS1pSer1161 peptide to all 
human 14-3-3 isoforms in a fluorescence polarization assay. Background 
polarization was subtracted from all values. Mean of three experiments; SD error 
bars are smaller than the data point symbols. (B) DSF results for SOS1pSer1161 
peptide and 14-3-3ζ isoform. The melting temperature is obtained from the 
inflection point of the initial rise in fluorescence. Two curves are shown, a control 
curve (pink) with a melting Experiments were performed in triplicate. Temperature 
determined to be 60.8 °C and the curve in presence of the peptide (black) with a 
melting temperature of 64.62 °C. (C) ITC results of the binding of SOS1pSer1161 
peptide to 14-3-3β isoform. Experiments were performed in triplicate. 
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To investigate the molecular details of the protein/peptide interaction we employed 

X-ray crystallography and solved the crystal structure of SOS1pSer1161 in complex 

with 14-3-3ζ. Crystallization experiments were initiated with commercial crystal 

screens including JCSG core suites – from I to IV – (Qiagen) and JCSG plus 

(Qiagen), all containing 96 different buffer conditions. The Mosquito robot was 

utilized to create the hanging drops containing the protein solution and crystallizing 

buffer in 1:2 ratio. For the initial screening we extensively used 14-3-3 σ, ζ, γ at 

different concentrations. After protein and buffer administration, the plates were 

sealed and stored in parallel at room temperature as well as at 2–8° storage. Crystal 

formation was observed daily and later monthly; for 14-3-3ζ we found suitable 

crystals yielded within one week at room temperature. The protein data structure 

was solved to a resolution of 1.9 Å [PDB ID code 6F08] (Figure 2) using the PDB 

1QJB as a template for the molecular replacement run. Interpretable density for 9 

out of 12 amino acids of the SOS1pSer1161 peptide was found (Figure 2B and C). For 

14-3- 3ζ we found interpretable density for 226 out of 231 residues. Data and 

refinement statistics are summarized in Table 2. As expected from previously solved 

14-3-3 structures, the protein crystallizes as a dimer with the typical W-like shape 

(Figure 2A) showing that two phosphorylated binding motifs are simultaneously 

bound to one 14-3-3 dimer composed by eighteen helices. The pS1161 is located in 

the typical binding groove establishing hydrogen bonds to Lys49 (2.90 Å), Arg56 

(2.91 Å), Arg127 (2.87 Å), Tyr128 (2.94 Å) (Figure 2C). 
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Table 2. Crystallographic data. 

14-3-3ζ:SOS1pSer1161 

Data collection  

Space group    P1211  

Unit cell parameters 

a b c (A ̊)     67.06  93.14  74.52 

α β γ (°)     90.00  92.93  90.00 

Wavelength (A ̊)    1.9 

Number of crystals   1 

Resolution range   74.421 – 1.900 6.1 

Multiplicity    6.1 

Significance I/σ(I)   2.34 (at 1.9 Å) 

Total reflections    68.382 

No. unique reflections   5.0210 

Completeness (%)   99.93 

Rmerge (%)    11.2 

Rp.i.m. (%)    7.5  

Refinement statistics 

Rwork (%)    0.210   

Rfree (%)    0.267  

Nonhydrogen atoms 

All     7819 

Water     715 

Mean overall B (A ̊)   29.0  

RMSD from ideal values    

Bond distance (Å)   0.0172 

Bond angle (°)    1.7752  

Rmerge = ∑hkl∑i|Ii(hkl)−‹Ii(hkl)›|)/∑hkl∑IIi(hkl), where Ii(hkl) is the intensity of the i-th 

measurement of reflection (hkl) and ‹Ii(hkl)› is its mean intensity. I is the integrated 

intensity and σ(I) is the estimated standard deviation of that intensit. Rwork Fo where 

Fo and Fc are the observed and calculated structure factors. Rfree is calculated as for 

Rwork, but from a randomly selected subset of data (5%) which were excluded from 

the refinement.  
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Figure 2. Crystal structure of SOS1pSer1161 peptide bound to 14-3-3ζ 
dimer. (A) Crystallographic organization consisting of 4 monomers of 14-3-3ζ 
bound to SOS1pSer1161 peptide. The 14- 3-3ζ dimer shows the typical W-like shape 
with the phospho peptides bound to the amphipathic groove. (B) View of monomer 
B (pink surface) turned by 90° around the y-axis. SOS1pSer1161 peptide (cyan rods) 
is depicted and fills about three fourth of the amphipathic groove. The final electron 
density map of the peptide is shown (2Fo-Fc, white mesh, contoured at 1σ). (C) Polar 
contacts (black dashed lines) and hydrophobic interactions (wireframe white 
spheres) between the residues of 14-3-3ζ monomer B (red rods and pink cartoon) 
and the pSer1161 binding site of SOS1 (cyan rods). See Table 1 for data collection and 
refinements.  
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Outside of this cluster, there is considerable variability in 14-3-3ζ-ligand connection; 

Asn224 in the charged face of the groove, stabilize the extended ligand conformation 

by contacting the main-chain of the +1 amino acid – in respect of pS1161 – which 

may be important for positioning the phosphoserine to interact with the basic cluster 

of the protein. Important hydrophobic contacts can be observed namely between 

Ala1164 and 14- 3-3ζ’s Val46, Glu1165 and 14-3-3ζ’s Pro165, Ala1162 and 14-3-3ζ’s 

Leu172 plus Glu1159 and 14-3-3ζ’s Val176. Although the SOS1pS1161 peptide used 

contains a proline at the +2 position, which would suggest that the peptide chain 

exits the binding groove [15] the peptide chain returns into the pocket at the position 

of Glu1165 (Figure 3B). In this context, the mode II binding motif would seem to be 

more of interest because on comparison with other structures such as 5NAS (Figure 

3); (Boura and Eisenreichova, n.d.) the SOS1pS1161 peptide shows a comparable 

mode II binding motif [16]. 
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Figure 3. Comparison of different known 14-3-3 binding motifs and 
different peptides. The information was obtained by superimposing the 
SOS1pSer1161 peptide (cyan rods) with 1) PI4KIIIB peptide PDB code 5nas (Boura 
and Eisenreichova, n.d.), 2) Gab2 peptide PDB code 5exa [13], 3) PADI6 peptide 
PDB code 4dau [17] and 4) TASK-3 peptide PDB code 3sp5 [18]. The peptides are 
shown as stick models (SOS1pSer1161 in cyan rods and other motifs in red rods). The 
14-3-3 protein is shown as a cartoon representation in white.  
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II.III Discussion and conclusions 

 

Structurally, all seven 14-3-3 isoforms share a high degree of similarity, however 

their functionality and their contribution to different types of cancers is very diverse 

and their role in pathogenesis has not been completely understood yet [19,20]. For 

this reason, a better functional and mechanistic understanding of 14-3-3 PPIs might 

help for the development of bioactive tool compounds and ultimately new drugs in 

targeted cancer therapy. Achieving this goal relies, as first starting point, on 

elucidating structures of distinct isoforms that binds new protein binding partners; 

within this context, we might be able to design possible therapeutic approaches 

related to 14-3-3 [21] by expanding the knowledge of the 14-3-3 PPI network [22]. 

Although in vitro studies established the phosphorylation of SOS1 via RSK [14] as 

well as the possible binding of 14-3-3 to SOS1 in response to the negative feedback 

control in RAS-MAPK signaling, the interaction between SOS1 and 14-3-3 remains 

poorly understood. In this sense, it was useful to determine the exact 14-3-3 binding 

site(s) of SOS1, a notion of importance for further studies on the modulation of PPI.  

Biochemical assays of the 13-mer with all isoforms of 14-3-3 showed that there is no 

specific preference among 14-3-3 isoforms and the short, SOS1-derived peptide 

(Figure 1); moreover the electrostatic inter-actions found by X-ray crystallography 

indicates that the high-affinity 1161 binding of this complex is dependent on 

phosphorylation of pSer. To qualify as a potential 14-3-3 binding site, the criteria 

described previously have been applied [17]: a serine or threonine has to be present, 

and the site has to be accessible for both phosphorylation by a kinase as well as 

interaction with 14-3-3.  

For practical reason, 14-3-3ζ has been used in crystallography experiments besides 

the fact this isoform is the most reported in the 14-3- 3 literature. As the binding 

groove is highly conserved among the different isoforms [9], 14-3-3ζ should 

therefore provide useful information of the binding between SOS1 and 14-3-3. In this 

study, the crystal structure shows that the SOS1 peptide bind in the conserved 

amphipathic groove of 14-3-3ζ as most of the structure solved as far (Figure 2) [23].  

The same X-ray protein crystallography screening procedure has been performed for 

the SOS1pSer1134 peptide, shown in the literature to be phosphorylated by RSK and 
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interacting with 14-3-3 [14]. However, no crystals could be observed in any of these 

conditions. For this reason, we focused here on investigating the SOS1pSer1161 

peptide/14-3-3ζ interaction.  

In this framework, the complex structure 14-3-3ζ/SOS1pSer1161 would provide an 

initial first step for investigating and manipulating the binding mechanisms of 

binding of SOS1 to 14-3-3, in particular with small molecules identified, for example, 

by fragment-based approaches [24] to stabilize the 14-3-3ζ/SOS1 interface. Because 

of the structural rigidity 14-3-3 proteins, X-ray crystallography is a useful method 

for the design and the optimization of new small molecules modulators [25].  

In a more biological context, it has been demonstrated that the modulation of 14-3-

3 PPIs [26–28] in particular by natural products and their derivatives [18,19,29–31], 

can induce the desired effect on the activity, dimerization, or cellular localization of 

the binding partner. In addition, the chemical toolbox to target 14-3-3s has been 

extended by modified peptides [32,33], supramolecular ligands [34,35], and 

fragments [24]. Since the stabilization of the negative regulation of 14-3-3 to 

oncogenic SOS1 could be a valuable new therapeutic approach in certain cancer, this 

study could represent the starting point towards a pharmacological intervention in 

tumor cells with aberrant Ras-MAPK signaling. 

 

 

II.IV Experimental section 

 

Peptide synthesis  

 

The following sequence was used: Son of sevenless homolog 1 [Homo sapiens] 

(UniProt identifier: Q07889-1) 1155-PRRRPE {pSer1161}APAESS-1167 

(SOS1pSer1161). Both labeled and unlabeled synthetic peptides used in this study 

were synthetized using solid-phase peptide synthesis (SPPS) technique with Fmoc 

chemistry, on an auto- mated Intavis MultiPep RSi peptide synthesizer. Protected 

amino acids and chemicals were purchased from Novabiochem and Sigma-Aldrich. 

The resin Rink amide AM resin (Novabiochem; 0.59 mmol/g loading) was used for 

the synthesis of the phosphorylated peptide. Preceding the deprotection, the resin 
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for each peptide was divided into two portions. FITC (Sigma-Aldrich) was used to 

label one portion to perform FP. The remainder of the resin was used to obtain the 

(unlabeled) peptide for ITC, DSF assays and crystallization studies; the peptide was 

acetylated at the N terminus (1:1:3 Acetic anhydride/pyridine/NMP) before resin 

cleavage. Crude peptides were analyzed and purified by high pressure liquid 

chromatography (HPLC) using a preparative reverse phase column with MS 

detection. After purification, peptides were freeze dried and stored at 243 K.  

 

14-3-3 expression and purification 

 

All seven 14-3-3 isoforms, both full length and C-terminally trun- cated (ΔC, devoid 

of the last 18C-terminal residues), were expressed using BL21(DE3) cells employing 

pPROEX HTb expression plasmids and purified via a nickel column. After 

purification, for the truncated isoforms, the His6-tag was cleaved with TEV protease 

and a second purification was performed by size-exclusion chromatography as 

described previously [15]. Each isoform was concentrated to 60mgml−1, aliquoted, 

flash-frozen in liquid nitrogen and stored at 193 K.  

 

Fluorescence polarization (FP) assay  

 

FP measurements were performed at room temperature and with a 1h incubation. 

The FP buffer consisted of 0.1 M Hepes, 1.5 M NaCl, 0.1% Tween-20, 1mg/mL BSA, 

Milli-Q, pH 7.4. The FITC labeled peptide was dissolved in Milli-Q to a final 

concentration of 100 nM. Dilution series of all the 14-3-3 isoforms were performed 

on Corning black round –bottom 384-well plates. The affinity of this peptide against 

the different isoforms was determined on a Tecan Infinite F500 plate reader using a 

485 nm excitation and 535 nm emission filter. FP values are expressed in 

millipolarization (mP) units. All statistical analyses were performed with GraphPad 

Prism 5 (GraphPad Software, San Diego, USA) using a non-linear regression analysis 

method (single site binding model) in Prism 5.0.  
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Isothermal titration calorimetry (ITC) assay 

 

ITC experiments were carried out on a Malvern MicroCal iTC200. In the cell, a 

solution of 0.035 mM 14-3-3β was placed and titrated by two repetitions of a series 

of 19 2-μL aliquots of 0.35mM solution of SOS1pSer1161 at 25°C (reference power 5 

μCal/s; stirring speed 750 rpm). Both protein and peptide were dissolved in ITC 

buffer con- taining 25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2, 0.5 mM 

TCEP. Raw Data were analyzed with Origin 7.0 software for ITC data analysis; 

baseline corrections were done manually. By a single binding site model, the binding 

isotherm was determined together with the thermodynamics parameters: the 

association constant Ka (Ka = 1/Kd), molar binding stoichiometry (N) and molar 

binding enthalpy (ΔH) isotherm. 

 

Differential scanning fluorimetry (DSF) assay 

 

DSF experiments were made using a CFX96 real-time PCR detection system (Bio-

Rad). 40 μL of solution was dispensed into each of the 96- well plates consisting of 

3 replicas for 7 μM 14-3-3ζ, 2.5x SYPRO orange in 100 mM Hepes, pH 7.5, 150 mM 

NaCl used as control and 3 other replicas together with 200 μM SOS1pSer1161 to 

determine the affinity protein-peptide. The samples were heated from 25 °C to 95 °C 

with increments of 1 °C/minute, and fluorescence was measured at each step. To 

obtain the melting temperature, the data analysis was performed in Microsoft Excel. 

Data analysis was performed as described by Nielsen et al. [36]. 

 

Crystallization of the binary complex 

  

To obtain the 3D structure of the 14-3-3ζ/SOS1pSer1161 peptide complex, protein 

and peptide were mixed in a 1:2 M ratio to a final concentration of 10 mgmL−1 in 20 

mM Hepes, 2 mM MgCl2, 2 mM DTT, pH 7.5 and incubated at 4°C overnight. 

Protein/peptide complexes were initially set-up for crystallization in 0.1 M 

phosphate citrate pH 4.2, 40% (v/v) PEG 300. For reproduction and optimization, 

36% (v/v) PEG 300 was used. Crystals grew within a week at room temperature and 
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could be directly flash-cooled in mother liquor using liquid nitrogen. A dataset of 1.9 

A ̊ was collected at the Deutsches Elektronen-Synchrotron of Hamburg (Germany). 

For the high-resolution setting the crystal-to- detector distance was set to 0.322 m 

and 1440 images were obtained with an oscillation of 0.25° per image. The structure 

was solved by molecular replacement using PDB ID: 1QJB as the search model. The 

obtained second model was subjected to iterative rounds of model building and 

refinements using Coot [37], REFMAC [38] and Phenix [39]. Figures were created 

using VMD [40]. Hydrogen bonds and hydrophobic contacts were established by the 

schematic diagram protein-ligand interactions generated by LIGPLOT program [41]. 

The structure was deposited in the Protein Data Bank under PDB ID: 6F08.  
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II.VI Supporting information 

 

We describe the crystallization and processing and the structure determination of 

the 14-3-3 ζ protein in complex with the SOS1-derivative peptide (1155-

PRRRPE{pSer1161}APAESS-1167).  

 

 

Figure S1. Photograph of the 14-3-3ζ/SOS1pSer1161 peptide complex 
crystals taken with a polarized light microscope. 14-3-3ζ/ SOS1pSer1161 
peptide grew as rounded plate shaped-crystals in presence of 0.1 M phosphate citrate 
pH 4.2, 36% (v/v) PEG 300 at room temperature. Scale bar derived from the 
diameter of the screw cap, it corresponds to 1 mm.  
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Chapter III | Characterization of the interaction between 14-

3-3 and PLN 

 

Abstract 

 

The cardiac membrane protein phospholamban (PLN) is a target of protein kinase 

A (PKA), at serine 16, and Ca2+/calmodulin-dependent protein kinase II (CaMKII), 

at threonine 17. Under beta-adrenergic stimulation, phosphorylation of PLN relieves 

the activity of the sarcoplasmic calcium pump (SERCA) responsible for transporting 

Ca2+ from cytosol to the sarcoplasmic reticulum (SR). This phenomenon may result 

in myocardial relaxation and an increment in of the heart rate. Contrarily, non-

phosphorylated PLN reveals to have an inhibitory effect on SERCA. Thus, the 

inhibition of phospho-PLN may represent a strategy decrease Ca2+ concentration 

under beta-adrenergic stimulation. In this context, the structural characterization of 

14-3-3 in complex with PLN via MD simulations demonstrate how the 

phosphorylation at either site, S16 or T17, converts PLN into a suitable target for the 

14-3-3 protein. These findings suggest that the formation of 14-3-3/PLN complex 

may represent a new strategy to protect PLN from dephosphorylation and 

consequently prolongate SERCA activation after beta-adrenergic stimulation  

 

 

 

 

 

 

 

 

 

This chapter has been performed in collaboration with Prof. Blanche Schwappach 

at University of Göttingen (DE) and Dr. Mattia Mori at University of Siena (IT). 

Data described here have been published as: Menzel, J., et al., 2020. 14-3-3 binding 

creates a memory of kinase action by stabilizing the modified state of 

phospholamban. Sci. Signal. 13. 
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III.I Introduction 

 

The cardiac excitation-contraction cycle relies critically on the spatio-temporal 

control of intracellular Ca2+ release and sequestration in the SR. The impact of 

maladaptive changes in Ca2+ handling on the development of heart failure in 

humans is difficult to model in animals since the contribution of individual Ca2+ 

transport proteins differs between species [1]. A case in point is the small membrane 

protein PLN that is dispensable in the mouse perhaps because it regulates only 40% 

of the SERCA pumps [2,3]. PLN inhibits the activity of SERCA, which pumps Ca2+ 

into the SR.  

PKA-dependent phosphorylation targets PLN on serine 16 (S16), relieves the 

inhibitory effect of PLN on SERCA and hence stimulates SERCA [4,5]. Under beta-

adrenergic stimulation, this mechanism results in increased force generation and an 

accelerated relaxation of cardiac muscle. CaMKII-dependent phosphorylation may 

affect longer-lasting SERCA stimulation and sustain (mal)adaptation of calcium 

handling. 

This study here reported demonstrates that two distinct phosphosites, 

phosphorylated (p) Ser16 and pThr17, engaged 14-3-3 with different affinities. 

Consistently, the formation of 14-3-3/PLN complex may represent a new strategy to 

protect PLN from dephosphorylation and consequently prolongate SERCA 

activation after beta-adrenergic stimulation, thus proposing that this differential 

binding adapts the lifetimes of the respective phosphostate to its specific biological 

purpose. For this aim, 14-3-3σ/PLNpS16 and 14-3-3σ/PLNpT17 complexes were 

obtained via homology modelling. Further studies to assess the conformational 

stability involved MD simulations and related analysis was performed via root mean 

square deviations (RMSD), root mean square fluctuation (RMSF) and cluster 

analysis.  

In conclusion, this 14-3-3 PPIs system may be defined as a novel contractility-

augmenting and differential molecular pathomechanism of genetic PLN 

cardiomyopathies.  
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III.II Results and conclusions 

 

Possible differences in the molecular contacts between the distinct PLN 

phosphoforms and 14-3-3σ were addressed by molecular dynamics (MD) 

simulations. Unrestrained MD trajectories were generated for 250 ns on each 

system. For the 14-3-3σ/pSer16-PLN complex, the RMSD (Figure 1A) suggested that 

conformational convergence is achieved during MD simulation time whereas the 

comparison of the root mean square fluctuation (RMSF) between 14-3-3σ residues 

from the complex and apo 14-3-3σ (Figure 1B) showed that residues with the highest 

fluctuation belonged to loops 64-88 and 208-219 (Figure 1B, 1C). Notably, the 

conformational freedom of residues 118-190 that belonged to the 14-3-3σ 

amphipathic groove was constrained by the phosphopeptide. Moreover, by cluster 

analysis of the phosphopeptide and residues within 6 Å (Figure 1c, 1D), we found 

that the most abundant population of MD frames had a peptide binding 

conformation (Figure 3A) that was comparable to that observed in X-ray 

crystallographic structures [6]. Indeed, pSer16 is located in the amphipathic groove 

and establishes hydrogen bonds to Lys49 (2.97 Å), Arg129 (1.81 Å), and Tyr130 (1.86 

Å) consistent with a mode II binding motif [7]. 

Similar results were obtained for the 14-3-3σ/pThr17-PLN complex (Figure 3B, 

Figure 2A, 2B, 2C, 2D). The first cluster featuring a population of 45.6% of MD 

frames was taken as the most representative model (Figure 2D) for further 

investigation and comparison with the 14-3-3σ/pSer16-PLN complex. The structure 

of both peptides in their respective 14-3-3σ complexes does not completely overlap 

because the first three helices of 14-3-3σ/pSer16-PLN complex show a more opened 

conformation compared to those in the 14-3-3σ/pThr17-PLN complex (Figure 3C). 

Similar to pSer16-PLN, pThr17-PLN occupies the canonical central position in the 

amphipathic groove [6,7] and establishes H-bond interactions with Lys49 (3.94 Å), 

Arg56 (1.83 Å), Arg129 (1.68 Å), and Tyr130 (1.64 Å). Notably, the spatially similar 

placement of pSer16 and pThr17 within the groove shifts the conformation of the rest 

of the PLN peptide. As a result, the remaining portion of the pThr17 phosphopeptide 

is elongated within the groove, placing Ile18, Glu19, and Met20 of PLN in different 
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molecular environments as revealed by electrostatic rendering of 14-3-3 (Figure 3A, 

3B).  

At least one arginine residue located at the -4, -3 or -2 position relative to the 

phosphoresidue is a key feature of the canonical 14-3-3-binding phosphopeptide 

motif [8]. This residue stabilizes the phosphopeptide conformation by forming 

hydrogen bonds and intramolecular salt bridge with the phosphate group [9]. In 

pSer16-PLN, this role is taken by Arg14 in the -2 position (Figure 3A) whereas Arg13 

(-3 position) is pointing away from the phosphate group. In contrast, there is no 

arginine close to the phosphoresidue for pThr17-PLN in complex with 14-3-3 (Figure 

3B). Instead, Arg14 is pointing away from the phosphoresidue consistent with some 

previously characterized 14-3-3σ/phosphopeptide complexes [10] and Arg13 

contacts the solvent. Hence, its position is not reliable in the current model. 

Calculation of the peptide’s delta energy of binding to 14-3-3σ along MD trajectories 

confirmed the binding assay data previously performed by the group of Prof. 

Schwappach (paper recently submitted), showing that pThr17-PLN has a greater 

affinity for the protein than the pSer16-PLN peptide (-9.17 ± 2.17 kcal/mol and -4.43 

± 1.22 kcal/mol, respectively). Although the precise atomic determinants of the 

different stabilities await further characterization, modification of PLN by either 

PKA or CaMKII determines the conformation in which 14-3-3 binds to the resulting 

phosphoform and therefore the stability of the complex.  
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Figure 1. MD simulation of the 14-3-3σ-pSer16-PLN complex. A) RMSD of 
all-atom of 14-3-3σ protein and the peptide as a function of the MD simulation time. 
B) RMSF of the protein residues of 14-3-3σ/pSer16-PLN complex (red curve) in 
comparison with 14-3-3σ apo (blue curve) obtained during the 250 ns simulation. 
C) Overview of 14-3-3σ monomer bound to pSer16-PLN (cyan sticks). Residues 
showing high conformational freedom in MD simulation are depicted in purple and 
green (loops 64-88 and 208-219, respectively). Residues 118-190 of the amphipathic 
groove are highlighted in ice blue. .D) Distribution of clusters over 5 population 
groups. Conformations of the 14-3-3σ-pSer16-PLN complex were clustered along 
MD trajectory frames. 
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Figure 2. MD simulation of the 14-3-3σ-pThr17-PLN complex. A) RMSD of 
all-atom of 14-3-3σ protein and the peptide as a function of the MD simulation time. 
B) RMSF of the protein residues of 14-3-3σ/pThr17-PLN complex (blueviolet curve) 
in comparison with 14-3-3σ apo (blue curve) obtained during the 250 ns simulation. 
C) Overview of 14-3-3σ monomer bound to pThr17-PLN (purple sticks). Residues 
unfavourable for stability during the simulation are depicted in purple and green. 
The amphipathic groove is highlighted in ice blue. D) Distribution of average cluster 
over 5 population groups. Conformations of the 14-3-3σ-pThr17-PLN complex were 
clustered along MD trajectory frames. 
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Figure 3. 14-3-3 contacts PLN in two distinct conformations. A) Overview 
of a 14-3-3σ monomer bound to pSer16-PLN based on the model obtained by MD 
simulations. 14-3-3σ is shown as a colored surface according to the electrostatic 
potential computed by APBS (negative potential in red, positive in blue), and 
peptides are depicted as cyan sticks (n = 2 independent experiments with 
conformational sampling of 250 ns). B) Overview of a 14-3-3σ monomer bound to 
pThr17-PLN as obtained by MD simulations. Visualization as in (A) (n = 2 
independent experiments with conformational sampling of 250 ns). C) 
Superimposition of 14-3-3σ/ pSer16-PLN complex (white cartoon/cyan sticks) and 
14-3-3σ/ pThr17-PLN (pink cartoon/purple sticks) shown in A) and B).  
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III.III Computational section 

 

The 3D structure of 14-3-3σ in complex with pSer16-PLN peptide (RRApSTIEMP – 

Uniprot identifier P26678) was generated by homology modelling using the PrimeX 

software, version v5.5 [11]. Input coordinates of the template systems were retrieved 

from PDB codes 3MHR and 4DAT that contain the phosphopeptides complexed to 

14-3-3σ. With the purpose of modelling the longest peptide sequence, amino acids 

from the C-teminus to the phosphosite and from the phosphosite to the N-terminus 

were taken from 4DAT and 3MHR respectively. The homology model was relaxed 

through molecular dynamics (MD) simulations carried out by Amber18 program. 

The force field ff14SB [12] was used to parametrize protein and peptide while the 

general amber force field (GAFF) was used for non-standard residues. Parameters 

for the phosphoserine residue were retrieved from the AMBER Parameter Database 

[13]. For MD simulation purposes the system was solvated in a cubic box of TIP3P 

water molecules buffering 10 Å from the surface. Periodic boundary conditions were 

applied. In order to keep the system electrically neutral, the total charge was 

neutralized by the addition of Na+ counter-ions. Following previous work [14,15], 

the solvent and Na+ ions were energy-minimized for 1500 steps using the Steepest 

Descent algorithm (SD) and a further 3500 steps using the Conjugate Gradient 

algorithm (CG) while keeping the solute as fixed. The solvated solute was then 

energy-minimized for 1500 steps using the SD and 3500 steps using the CG before 

being heated at constant volume using the Langevin thermostat from 0 to 300 K over 

150 ps. A density equilibration was carried out at constant pressure (NPT ensemble) 

for 150 ps, before running the production of unbiased MD trajectories for 250 ns 

(timestep was 2 fs). MD trajectories were processed by the cpptraj software [16] and 

analysed in terms of RMSD or RMSF and cluster analysis. The same parameters 

were used to relax the apo 14-3-3σ by MD simulations. The same procedure as 

described above was used to generate the 3D structure of 14-3-3σ in complex with 

pThr17-PLN peptide (RASpTIEMP). Electrostatic surface potential was computed 

with APBS version 27 [17] and visualized in VMD molecular graphic software [18]. 

The delta energy of binding was computed by the Molecular Mechanics Poisson-

Boltzmann Surface Area (MM-PBSA) approach using the MMPBSA.py script in 
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AMBER18 [19]. Theoretical affinity results are presented as the delta energy of 

binding +/- standard error of the mean (SEM) [20]. 
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Chapter IV | A new soaking procedure for X-ray 

crystallography structural determination of protein-peptide 

complexes 

 

Abstract 

 

Interactions between a protein and a peptide-motif of its protein partner are 

prevalent in nature. Oftentimes, a protein also has multiple interaction partners. X-

ray protein crystallography is commonly used to examine these interactions in terms 

of bond distances and angles as well as to describe hotspots within protein 

complexes. However, the crystallization process presents a significant bottleneck in 

structure determination since it often requires notably time-consuming screening 

procedures, which involve testing a broad range of crystallization conditions via a 

trial-and-error approach. This difficulty is also increased since each protein-peptide 

complex does not necessarily crystallize under the same conditions. Here, a new co-

crystallization/peptide-soaking method is presented, which circumvents the need to 

return to the initial lengthy crystal screening and optimization processes for each 

consequent new complex. The 14-3-3σ protein was used as a case study, which has 

multiple interacting partners with specific peptidic motifs. It was found that co-

crystals of 14-3-3σ and a low affinity peptide from one of its partners, c-Jun, could 

easily be soaked with another interacting peptide to quickly and easily generate new 

structures at high resolution. Not only does this significantly reduce production time 

but new 14-3-3/peptide structures that were previously not accessible with the 14-3-

3σ isoform, despite returning to screen hundreds of other different conditions, were 

now also able to be resolved. The findings achieved in this study may be considered 

as a supporting and practical guide to potentially enable the acceleration of the 

crystallization process of any protein-peptide system. 

 

 

This chapter has been recently accepted in Acta Crystallographica Section F as: 

Ballone, A., et al., A new soaking procedure for X-ray crystallography structural 

determination of protein-peptide complexes. 
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IV.I Introduction  

 

Ample protein-protein interactions that occur within the cell are formed between 

proteins that contain peptide binding domains and the short peptidic motifs of their 

partner proteins [1]. Decoding the 3D structure of a protein-peptide complex by 

using state-of-the-art X-ray protein crystallography is essential to obtain snapshots 

of the final state of the interactions within the complex and provides adequate 

insights of inter-residue interactions, stability of protein structures, and recognition 

mechanism of the protein-peptide system [2] as well as determine its potential 

“druggable” hotspots in the context of drug discovery [3]. However, such 

interactions are numerous, thereby placing a significant burden on crystallization 

studies, which is normally a time-consuming process [1]. In this regard, protein 

crystallization is consistently the rate-limiting step in structure determination with 

strategies often times depending on pure luck via the screening of hundreds or 

thousands of conditions for the observation of crystal growth [4–6]. In addition to 

this, there is not one single standard method to successfully crystallize a specific 

protein-peptide complex [7]. Similarly, when a protein structure is effectively 

crystallized with a peptide, it is not always straightforward to reproduce the same 

crystal with another peptide.  

We observed this phenomenon first-hand with human 14-3-3σ, a protein which itself 

has several hundred known interacting partners in the cell [8]. These partners bind 

to 14-3-3 via specific peptidic motifs, which can be classified into 3 modes: 1) 

RSX(pS/T)XP, 2) RX(F/Y)X(pS)XP) [9] and 3) C-terminal sequences (pS/T)X1-2-

COOH [10]. So far, we have found that the apo form of 14-3-3σ is not able to 

crystallize by itself. However, structure determination of 14-3-3σ in complex with a 

chemically synthesized peptide containing one of these modes from one of its 

interacting partners, is a process that has been performed repeatedly, with many 

examples found in the PDB [11–16]. These 14-3-3σ crystals were optimized to grow 

under in-house made “sigma” grid screening conditions (Table 1), which were 

derived from Qiagen JCSG Core I–IV screens (Qiagen, Hilden, Germany) [13], where 

they were observed to grow to a suitable size and shape within 5 days and diffract to 

high resolution and quality. Furthermore, these crystals are robust and stable, 
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thereby making them very amenable to fragment and compound soaking (for 

example by being able to withstand the high concentrations of dimethyl sulfoxide 

(DMSO) [17] that such compounds are regularly dissolved in).  

The challenge we have found is that while many of the peptides from 14-3-3 

interacting partners synthesized so far have been able to co-crystallize with 14-3-3σ 

in the optimized “sigma” conditions [18–20], there is still a significant number of 

other peptides that have resisted this path. For these, structure determination has 

required going back to lengthy initial screening and crystal optimization processes, 

and frequently these crystals, if they do manage to grow, are not robust enough to 

withstand the fragment/compound soaking process. In addition to this, there have 

also been many peptides for which structure determination with the 14-3-3σ isoform 

have not yet been possible despite also returning to carry out hundreds of screening 

conditions on top of our optimized “sigma” conditions (Table S1).  

To address this problem, we present a combined co-crystallization and peptide-

soaking approach to obtain crystals for any 14-3-3σ/peptide complex that may reveal 

difficulties when crystallizing under our optimized “sigma” conditions. This new 

approach 1) permits to omit the obstacle of the identification of new suitable 

conditions for crystallization of specific 14-3-3/peptide targets, thereby significantly 

reducing the time and resources needed to produce these crystals, 2) allows to 

quickly obtain an atomic model of a 14-3-3σ protein-peptide system not explored 

before and 3) retains the quality of those crystals grown under “sigma” conditions, 

thereby providing an excellent starting point for screening fragment and compound 

libraries.  

The methodology requires two main steps. The first step involves the growth of 14-

3-3σ crystals in complex with a weak-binding peptide, c-Jun (Figure SI 2), under the 

aforementioned “sigma” conditions (Table 1). Structure determination of this 

complex reveals electron density that is not observable for most of the c-Jun peptide, 

with only weak electron density appearing for its phosphorylated serine site (Figure 

2a). The second step involves, after these 14-3-3σ/c-Jun crystals are fully grown, the 

displacement of the c-Jun peptide via adding the desired peptide for the final 

structure at high concentration to the crystal drop and incubating over a period of 

time until full occupancy of the peptide is achieved.  
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To demonstrate the experimental reliability of the method, we considered this 

approach for peptides (Supplementary Table 1) found in the PDB where co-crystal 

structures were published with isoforms of 14-3-3 other than sigma, since they were 

not able to crystallize under the standard “sigma” conditions or any of the other 

hundreds of screening conditions tested. Data collection – performed at Diamond 

Light Source (Oxford, UK) or at our home source – was successful for all the trial 

cases, resulting in a particularly encouraging new methodology for expanding our 

knowledge in the structural analysis of protein-protein interactions. 

 

 

IV.II Results 

 

We have found useful criteria using the peptide at >95% purity and performing the 

soaking at 277 K and an incubation time of one week. A peptide sample at 3 mM as 

final concentration is a helpful starting point as well as a final purified 14-3-3 ΔCσ 

protein concentration at 12 mg/mL.  

The condition most suitable for crystal growth was determined to be 28% (v/v) 

PEG400, 5% glycerol, 0.2M CaCl, 0.1M HEPES pH 7.5, 2mM BME, and was used for 

reproduction of the crystals. Well diffracting and robust crystals grew between one 

and two weeks to sizes between 0.1-0.3 mm. 

X-ray diffraction datasets were collected at 100 K at the I03 and I24 beamline - 

Diamond Light Source (Oxford, UK) - or at our home source RIGAKU MICROMAX-

003. In the first case, crystal data were measured at a wavelength of 0.9763 Å with a 

DECTRIS EIGER2 XE 16M detector. At our home source, crystal data were 

measured at a wavelength of 1.541 Å with a DECTRIS PILATUS 200 K detector.  

All models were determined to be in the orthorhombic C2221 space group using 

Zanuda [28]. The crystal lattice of the 14-3-3σ/cJun structure (Figure 1) reveals that 

the amphipathic binding groove of the 14-3-3 protein is easily accessible for peptide 

exchange via solvent filled channels. 
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Figure 1 The crystal lattice of the 14-3-3σ /cJun structure. The figure 
created in PyMOL (Molecular Graphics System, Version 1.2r3pre, Schrödinger, LLC) 
protein in white with its binding groove shown in red.  
 

We observed the growth in electron density for such a peptide (Gab2 pT391) over 

several time points, achieving full occupancy by 48 hrs (Figures 2c-d). Because of 

the near zero electron density observed for the c-Jun peptide (Figure 3a), any 

positive electron density observed after soaking in the amphipathic groove of 14-3-

3σ can be confidently attributed to the new peptide. 
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Structure determination with 14-3-3σ was fruitful for each of the 10 new structures 

we present in this study, each with good observable electron density for the peptide 

(Figures 3a-k). With the exception of PLN-pS16 peptide case, for whom structural 

determination in complex with other 14-3-3 isoforms was not achieved previously 

by means of X-ray crystallography, all the structures are reported in this study are 

very similar to the ones already published in the PDB (Figure 4) [16,18,19,29–31], 

providing proof-of-principle validation.  

 

Figure 2 Time series of Gab2-pT391 replacing c-Jun in the amphipathic 
groove of 14-3-3σ over a) 1 hr b) 24 hrs c) 48 hrs d) 96 hrs. Growth of 
electron density for the Gab2 pT391 peptide is observed over time. Peptide is 
represented by yellow sticks. 14-3-3 is represented by white, solid surface. The Fo-
Fc electron density map (represented by green mesh) around the peptide is 
contoured at 2.4 σ. Refined occupancies for the modelled amino acids of the Gab2 
pT391 peptides are plotted in Figure SI 1. 
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Figure 3 14-3-3/peptide complexes before and after soaking 14-3-3/cJun 
crystals with a different peptide. A) The 14-3-3/cJun complex before soaking 
with another peptide. After soaking with another peptide, structures were solved for 
14-3-3/peptide complexes containing the b) SOS1-pS1161, c) MLF1-pS32, d) PLN-
pS16, e) CAMKK2-pS100, f) Caspase-2-pS164, g) H+ -ATPase-pT955, h) CAMKK2-
pS511, i) Gab2-pS210, j) Gab2-pT391, and k) Caspase-2-pS139 peptides. Peptides are 
represented by yellow sticks. 14-3-3 is represented by white, solid surface. The 2Fo-
Fc electron density maps (represented by blue mesh) around the peptides are 
contoured at 1σ. 
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Figure 4 Superimposition of 14-3-3σ/peptide complexes derived from 
cJun soaking (PDB (1)) methodology against the equivalent crystal 
structures (PDB (2)) previously deposited in the PDB (Table S1). 14-3-3σ 
is represented in white transparent surface and white cartoon. PDB (1) peptides are 
represented with yellow sticks and PDB (2) peptides are represented with cyan 
sticks. Polar contacts between the peptide and protein are represented by yellow 
dashes. Figure created in PyMOL. (Molecular Graphics System, Version 1.2r3pre, 
Schrödinger, LLC). 
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IV.III Discussion and conclusions 

 

X-ray crystallography continues to remain the gold standard for protein structure 

determination. However, the technique does not come without limitations, and one 

major bottleneck lies within the crystallization process itself. This process has always 

relied on cumbersome trial-and-error practices. Typically, the search for conditions 

of protein crystal growth is a long and arduous process, requiring the need to screen 

a multitude of different buffer combinations, with many frustrations along the way. 

Due to this, X-ray protein crystallography is well known to be a technique that may 

take from weeks to months or, in extreme cases, even years to find the right 

conditions to crystallize a certain protein complex. 

The new strategy we present here has allowed the determination of several new 

structures with 14-3-3σ, which had not been possible before, illustrating the ease and 

success of the method. We therefore expect that this can be applied to all further 

difficult-to-crystallize 14-3-3σ/peptide complexes. In addition, the method retains 

robust, stable, high-resolution, and well-diffracting features of crystals originally 

grown in the sigma screen. The growth of such crystals is enormously valuable 

because 14-3-3 protein-protein interactions have been studied during the past 

decade as suitable targets for both inhibition or stabilization [32]. Alternative 

methods presented in the past [33] are not straight forward as the methodology here 

presented since they require the engagement of certain steps such as the design, 

expression and purification of chimeric proteins. Furthermore, different isoforms of 

the 14-3-3 protein are function specific. For example, the 14-3-3σ isoform (but not 

other isoforms) specifically targets p53 and is associated with tumor suppression 

(Bezinger et al, 2005), making it invaluable to determine crystal structures of the 

target peptide with the correct isoform [34]. 

These 14-3-3σ/peptide co-crystal structures have provided the basis for early drug 

discovery projects, representing structural proofs from a druggability perspective 

and leading to the identification of starting point modulators for protein-protein 

interactions [35,36]. So far, promising starting points have been achieved. An 

example is given by several findings which have shown compounds such as 

Fusicoccin-A [37] or Fusicoccin derivatives [18] used to target and modulate the 
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interface of 14-3-3/peptide complex interfaces, emphasising the potential 

druggability of these systems [38].  

With a large number of protein-protein interactions involving 14-3-3 [8] identified 

as a potential therapeutic target, this approach can determine the structures of these 

complexes in a straightforward manner, and therefore will assist greatly in the first 

steps of structure-based drug development, producing crystals from which 

structures can easily be determined, and which can be used as a basis for soaking 

fragments/compounds (both inhibitors and stabilizers of 14-3-3 PPIs) [20,38]. So 

far, discovered small-molecule ligands of 14-3-3 proteins display a considerable 

degree of chemical diversity, ranging from fragments [35,36], and “classical” small 

molecules10, to supramolecular ligands [39–41], and natural products [29,42,43], to 

modified peptides [44–47], with most requiring specific co-crystallization 

conditions. Our new method may enable a faster and more modular elucidation of 

these ligands in the future, too. This approach could also potentially be used to apply 

to other protein/peptide complexes, where 1) a low affinity peptide that co-

crystallizes with the protein can be identified, and 2) the binding site is accessible 

within the crystal form (Figure 1). 

In conclusion, our approach is able to overcome the crystallization bottleneck when 

trying to determine structures of the same protein in complex with different 

peptides, thus offering new possibilities for the fields of protein-protein interactions 

and structure-based drug design. In structural biology these findings may have 

important implications for targets not yet structurally characterized, where the 

experimental identification of relevant binding sites can simplify the development 

and optimization of new tool drug-like molecules that are able to modulate these 

protein-protein complexes. 
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IV.IV Experimental section 

 

All chemically synthesized peptides were obtained from GenScript, USA 

(Supplementary Table 1). All peptides were acetylated at their N-termini. 

14-3-3 C-terminally truncated (ΔC, devoid of the last 18C-terminal residues), was 

expressed using BL21(DE3) cells employing pPROEX HTb expression plasmids and 

purified via a nickel column. After purification, the His6-tag was cleaved with TEV 

protease and a second purification was performed by size-exclusion chromatography 

as described previously [13].  

14-3-3σ protein was mixed with cJun-pS227 at a 1:1 M ratio in complexation buffer 

(20 mM Hepes, 2 mM MgCl2, 2 mM β-mercaptoethanol (BME)) to a final 

concentration of 12 mg/mL protein. The complex was incubated on ice for an hour 

for crystallization. Screening for crystallization was performed by sitting-drop 

vapour-diffusion method at 277 K with in-house made Sigma Grid screening (Table 

1) using the Mosquito® crystal Nanolitre Protein Crystallization robot (SPT 

Labtech) to a final volume of 500 nL (250 nL protein/peptide mixture and 250 nL 

well solution).  
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Table 1. Sigma grid screening contains 24 different crystallization conditions. Each 

condition is consisting in 1) constant concentration of buffering agent Hepes Na and 

CaCl2 and 2) variation of precipitant (PEG400) and pH. Conditions were stored at 

277 K°. 

 

Well 1 2 3 4 5 6 7 8 9 10 11 12 

pH 7.1 7.1 7.1 7.1 7.1 7.1 7.3 7.3 7.3 7.3 7.3 7.3 

PEG400 (%) 24 25 26 27 28 29 24 25 26 27 28 29 

CaCl2 (M) 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 

Hepes Na (mM) 95 95 95 95 95 95 95 95 95 95 95 95 

pH 7.5 7.5 7.5 7.5 7.5 7.5 7.7 7.7 7.7 7.7 7.7 7.7 

PEG400 (%) 24 25 26 27 28 29 24 25 26 27 28 29 

CaCl2 (M) 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 

Hepes Na (mM) 95 95 95 95 95 95 95 95 95 95 95 95 

 

 

All peptides were dissolved in complexation buffer to make a 5 mM stock and 

injected into the drop containing the 14-3-3σ/cJun crystals to a final concentration 

of 3 mM peptide and final volume of 1.25 μL. These were re-sealed and left to 

incubate for one week at 277 K before crystal harvesting. 

Crystals were harvested and cryo-cooled by directly transferring from the mother 

liquor to liquid nitrogen.  

Diffraction data were processed using DIALS xia2 package [21]. The structures were 

solved by molecular replacement in PHASER [22] using PDB ID: 3lw1 as the search 

model [14]. These models were then subjected to improvement via iterative rounds 

of model building and refinement with isotropic B-factors using Coot [23], 

REFMAC5 [24] and Phenix [25]. Structures were validated with MolProbity [26]. 

Figures were created using CCP4 Molecular Graphics [27]. 
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IV.VI Supporting information 

 

Table S1. Peptides used for soaking of the 14-3-3σ/c-Jun crystals (pS/T = 

phosphorylated serine/threonine). PDB (1) corresponds to the new crystal 

structures from this paper, PDB (2) corresponds to crystal structures previously 

deposited in the PDB with the exception of cJun and PLN structures which were not 

based on any previous structure. 

 

Peptide Organism 
UniProt 

identifier 
Peptide sequence 

PDB 

(1) 

PDB 

(2) 

cJun-

pS227 
Homo sapiens 

A0A0B4K

EI6 
221-RNRVAA{pS227}SKCRKRK-234 6Y3V N/A 

CaMKK2-

pS100 
Homo sapiens Q96RR4 97-RKL{pS100}LQER-104 6Y3O 6EWW 

CaMKK2-

pS511 
Homo sapiens Q96RR4 508-RSL{pS511}APGN-515 6Y8A 6FEL 

Caspase-

2-pS139 
Homo sapiens P42575 136-YDL{pS139}LPFP-143 6Y8B 6GKF 

Caspase-

2-pS164 
Homo sapiens P42575 161-VEH{pS164}LDNK-168 6Y8D 6GKG 

Gab2-

pS210 
Homo sapiens Q9UQC2 205-NARSA{pS210}FSQG-214 6Y3S 5EWZ 

Gab2-

pT391 
Homo sapiens Q9UQC2 286-IPRRN{pT391}LPAMDNS-399 6Y3R 5EWZ 

H+-

ATPase-

pT955 

Nicotiana 

plumbaginifolia 
Q40409 QSY{pT995}TV 6YM 3E6Y 

MLF1-

pS32 
Homo sapiens P58340 29-RSF{pS32}EPFG-36 6Y8E 3UAL 

SOS1-

pS1161 
Homo sapiens Q07889 1155-PRRRPE{pS1161}APAESS-1168 6Y44 6F08 

PLN-pS16 Homo sapiens P26678 6-YLTRSAIRRA{pS16}TIEMP-21 6Y40 N/A 

 

  

http://www.rcsb.org/structure/6GKG
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Figure SI 1. Occupancy Plot. Full occupancy of the peptide is achieved at 48h for 
all the amino acids surrounding pT391 of Gab2 peptide. 
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Figure SI 2. Binding between cJun peptide to all human 14-3-3 isoforms 
in a fluorescence polarization assay. Background polarization was subtracted 
from all values. Mean of three experiments; SD error bars are smaller than the data 
point symbols. Fluorescence polarization was chosen as the assay format to consider 
14-3-3 isoform dependence. The 13-mer cJun peptide was labeled on the N-terminus 
with Fluorescein isothiocyanate (FITC) and used as a tracer to measure phospho-
site binding affinity. The result from the assays showed the motif to be a weak binder 
to all seven isoforms. The assay is in line with the results obtained by means of X-
ray protein crystallography. The protocol followed to carry out these data was 
previously published in Ballone et al., 2018 [19]. 
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Chapter V | Experimental and computational druggability 

exploration of the 14-3-3/SOS1pS1161 PPI interface 

Abstract 

 

The exploration of the druggability of certain protein-protein interactions (PPIs) still 

remains a challenging task in drug discovery. With the aim to develop new small 

molecules able to modulate key-oncogenic pathways, in this study we present 14-3-

3 PPIs as a case study. A workflow embracing biophysical techniques and MD 

simulations was developed, to evaluate the potential of a 14-3-3 PPI system to bind 

new tool compounds. The significance of the use of computational approaches to 

compensate the limitations of experimental techniques is demonstrated. 
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V.I | Introduction  

 

The design of new modulators of specific protein-protein interactions (PPIs) that 

involve key oncogenic pathways [1] is still a challenge in medicinal chemistry. The 

lack of clear structural information on the protein-protein complex and the putative 

ligand binding site is the rate-limiting factor to the successful design of PPI 

modulators. Indeed, to understand where the host-guest recognition takes place 

within a certain PPI is of high importance to identify the relevant hot-spots involved 

in the binding process [2]. The development of fast and reliable workflows for 

assessing the druggability of a PPI complex, and evaluating its capacity to bind small 

molecules, is therefore of great interest for the development of new chemical tools 

as well as hit/lead pharmacological agents. In the past years, massive progresses 

have been achieved in the basic understanding of biochemical properties of 

druggable and undruggable sites, mostly thanks to the structural insights provided 

by X-ray crystallography. Despite its wide applicability and the relevant role played 

in structure-based drug design, is to be noted that X-ray crystallography yields a 

static snapshot of a target protein, without limited information on its structural 

evolution over time, specifically in the presence of a ligand [2,3]. Moreover, the 

detection of a ligand’s electron density might be dependent from its solubility in the 

crystallization conditions, which could require high concentrations of the molecule. 

In contrast, nuclear magnetic resonance (NMR) is a powerful method to characterize 

the interaction of high-quality hits with their target, although its sensitivity to 

protein binding makes it very appropriate for fragment screening, permitting the 

detection and binding measurement of weak affinity ligands [4]. However, to 

provide highly precise structural details by NMR generally requires much efforts and 

resources, long experimental time, and remarkable quantities of sample. 

Simultaneously, computational methods reveal their helpfulness, offering a valid 

and cost- and time-effective alternative to complement classical experimental 

methods [2,5] and improving the ability to predict relevant small-molecule-binding 

pockets on PPI complex surface. Nevertheless, structure-based computational 

methods require the knowledge of high-quality three-dimensional coordinates of the 

target system, or at least a close sequence/structural homologue. The 
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implementation of computational methods together with fragment-based lead 

discovery, permits the rapid probing of PPI complex surfaces for small-molecule 

binding sites, and therefore addresses a solution to the druggability issue when no 

X-ray crystallography data are available [6]. In this study, we aimed to the 

identification of small molecules able to bind the 14-3-3/SOS1pS1161 interface, a 

PPI complex involved in the RAS-RAF-ERK-MAP kinase cascade [7,8]. 

Pharmacological modulation of such PPI networks might represent a new 

therapeutic strategy to increase the negative feedback control of the RAS-RAF-ERK-

MAP kinase pathway for uncontrolled cell growth in tumorigenesis [7,8]. The 14-3-

3 family of proteins recognizes and binds to serine/threonine-phosphorylated 

sequences in their target proteins, of which several hundred have been identified [9]. 

Due to the involvement in many human diseases, small-molecule modulation of 14-

3-3 PPIs has attracted much interest recently [10,11]. Sets of diverse chemistry can 

be employed to modulate 14-3-3 PPIs, ranging from natural products and its 

derivatives [12–15] and supramolecular ligands [16–19], to “classical”, drug-like 

molecules [20] and small fragments [21,22]. In this context, here we addressed the 

druggability of the 14-3-3/SOS1pS1161 interface by biophysical assays such as NMR 

fragment-based screening and fluorescence polarization (FP), and molecular 

dynamics (MD) simulations against 14-3-3 complexed to a 13mer peptide motif of 

SOS1 phosphorylated at position 1161 (13merSOS1pS1161). This analysis led to the 

identification of a confirmed hit (C3) able to bind and stabilize the target PPI. 

Subsequently, a structure-based virtual screening was carried out to identify small 

molecules bearing the fragment’s scaffold. The most promising derivatives were 

tested through biophysical assays, thus validating the computational procedure, 

while follow-up MD simulations were carried out to highlight structural 

determinants that might be relevant in the modulation of 14-3-3/SOS1pS1161 PPI, 

and to provide a structural rational for the observed PPI stabilization. The resulting 

findings of this study allow a qualitative assessment of the capacity of a 14-3-

3/peptide complex to bind to small molecules within a hydrophobic hot-spot region 

of the protein that is different from the canonical 14-3-3 PPI stabilizers characterized 

so far [10,23,24]. 
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V.II | Results and discussions  

 

NMR Fragment-Based Screening for the identification of fragment binders against 

the 14-3-3/SOS1 complex 

 

An initial screen of 1100 fragments using 19F CPMG NMR resulted in 46 fragments 

that showed binding to the 14-3-3/SOS1pS1161 complex. These 46 fragments were 

then analyzed by 1H STD NMR to confirm binding to the 14-3-3/SOS1pS1161 

complex compared to 14-3-3 protein alone. To rank the relative ligands strength, 

binding percentages STD values were determined for each fragment by taking a ratio 

of the integral area of the peaks in the difference spectrum compared to those in the 

off-resonance spectrum. Twenty-two hits from the 19F CPMG screen showed a 

positive response for binding to the 14-3-3/SOS1pS1161 complex by 1H STD NMR. 

One fragment (C3) showed selectivity with a positive STD response observed when 

analyzed in the presence of the 14-3-3/SOS1pS1161 complex but no STD response 

when analyzed with 14-3-3 alone (Figure 1). The remaining 21 fragments showed 

similar STD responses to the complex as to 14-3-3 alone, so they were not 

progressed further. 
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Figure 1. Results of STD NMR analysis of Fragment C3. Aromatic region of the 600 
MHz 1H STD NMR off resonance spectrum (A) and difference spectrum (B) for the 

fragment C3 in the presence of 14-3-3/SOS1pS1161 complex showing a positive STD 
response confirming binding to the complex. The corresponding difference 

spectrum of C3 in the presence of 14-3-3 alone is also shown (C). No STD response 

was observed suggesting C3 does not bind to 14-3-3 in the absence of the 
SOS1pS1161 peptide.   
 

Exploring the surface of the 14-3-3/SOS1pS1161 complex to detect possible hot 

spots by MD simulations 

 

With the aim to identify at least a protein cavity that might host the C3 fragment 

highlighted by NMR against 14-3-3/SOS1pS1161 complex, MD simulations were 

carried out on three different systems: i) apo 14-3-3; ii) 14-3-3/SOS1pS1161 

complex, and iii) 14-3-3/SOS1pS1161/C3 complex. For each system, 500 ns of 

unrestrained MD trajectory were produced. In iii), the recognition and binding of 

the fragment to the binary 14-3-3/SOS1pS1161 complex was simulated starting 

from an unbound state, where the target protein-protein complex and the fragment 

are in the simulation box at a distance higher than the cut-off for long-range 

intermolecular interactions. 

The conformational flexibility of the apo 14-3-3 in comparison to its complex with 

SOS1pS1161 was evaluated by the all-atom root mean square deviations (RMSD) 
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calculation during the 500 ns MD simulation (Figure 2A). RMSD values suggest that 

conformation of the amphipathic groove of the target protein is stabilized during the 

trajectory by the presence of the phosphopeptide. For 14-3-3/SOS1pS1161 the 

conformational convergence is achieved at time 0 (i.e. during the equilibration stage 

that anticipates MD trajectories production, see experimental details) differently 

from apo 14-3-3, in which the calibration is reached after around 400 ns, with an 

average RMSD of about 1.5 Å for the last 100 ns. To further determine the structural 

effects of the peptide binding to 14-3-3 amphipathic groove in the 14-3-

3/SOS1pS1161 complex, the root mean square fluctuation (RMSF) of apo 14-3-3 

residues was computed and compared to that of the 14-3-3/SOS1pS1161 complex 

(Figure 2C). The residues experiencing the highest fluctuation along MD trajectory, 

most significantly for apo 14-3-3, are located within the external loops of the 

protein in the region from residue 150 to 250. These outcomes emphasize that 14-3-

3/SOS1pS1161 complex is more constrained than apo 14-3-3, also indicating an 

induced stabilization of the protein in the presence of the phosphopeptide.  

Very similar results were obtained for the 14-3-3/SOS1pS1161/C3 complex. RMSD 

and RMSF values are in line with those computed for the binary system 14-3-

3/SOS1pS1161, suggesting that there are no drastic conformational changes 

induced by the fragment binding to the complex (Figure 2B, 2D). Moreover, the 

RMSD values of this system show that conformational convergence is achieved 

slightly later than the 14-3-3/SOS1pS1161 complex, after around 50 ns of MD 

production when the fragment binds to the complex and stabilizes the global 

conformation with an average of about 1 Å for the last 450 ns (Figure 2B). 

Cluster analysis was also performed on MD trajectories to investigate the main 

conformational states of the 14-3-3/SOS1pS1161 complex (Figure 3A) for residues 

within 5 Å from the fragment C3 (Figure 3B). The first cluster is the most abundant 

one with a population of MD frames of around 85%. Visual inspection of clusters’ 

representative structure clearly showed that, in the first cluster, the peptide 

conformation is highly comparable to that observed in the binary 14-3-

3/SOS1pS1161 complex as well as X-ray crystallographic structures25, further 
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suggesting that the fragment does not induce major conformational changes in the 

target protein-protein complex.  

MD results of the ternary complex allowed to identify the residue contacted by C3, 

thus overcoming the lack of structural information 14-3-3/SOS1pS1161/C3 complex 

due to the unsuccessful soaking procedure via X-ray protein crystallography. In this 

way, key residues of the protein lipophilic pocket able to bind the fragment (Figure 

4A, 4B) were identified. Notably, such pocket was identified in a previous work as a 

possible fragment binding site in the surface of a 14-3-3/phosphopeptide complex 

[26]. Here, MD simulation become a valuable tool for validating the stability of the 

14-3-3/SOS1pS1161 complex in binding a fragment and complementing 

experimental NMR studies in revealing atomistic details of the druggable hot spot 

on the surface of 14-3-3/SOS1pS1161.  
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Figure 2. MD simulation of the apo, binary and ternary complexes. A) 

RMSD of all-atom of apo 14-3-3 protein and 14-3-3 in complex with the peptide 
as a function of the MD simulation time. B) RMSD of all-atom of 14-3-

3/SOS1pS1161 and 14-3-3/SOS1pS1161/Fragment C3 complexes as a function of 

the MD simulation time. C) RMSF of the protein residues of apo 14-3-3 protein (red 

curves) in comparison with 14-3-3 in complex with the peptide (blue curves) 

obtained during the 500 ns simulation. D) RMSF of the protein residues of 14-3-3 
in complex with the peptide (blue curves) in comparison with 14-3-

3/SOS1pS1161/Fragment C3 complex (yellow curves) obtained during the 500 ns 
simulation.  
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Figure 3. MD simulation of the apo, binary and ternary complexes. A) 
Distribution of average cluster over 5 population groups. Conformations of the 14-

3-3/SOS1pS1161 complex were clustered along MD trajectory frames. B) 
Distribution of average cluster over 5 population groups. Conformations of the 14-

3-3/SOS1pS1161/C3 complex were clustered along MD trajectory frames. 
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Figure 4. 14-3-3 contacts Fragment C3 into the hydrophobic pocket. A) 

Overview of 14-3-3 monomer bound to SOS1pS1161 peptide; the surface is colored 
according to the electrostatic potential computed by APBS (negative potential in red, 
positive in blue), peptide and fragment C3 are depicted as white sticks. B) Overview 

of the top region of the 14-3-3 hydrophobic pocket bound to fragment C3 based on 

the model obtained by MD simulations. 14-3-3 is shown in white surface and 
cartoon, residues responsible for the contact with the small molecules are depicted 
in pink sticks while C3 fragment in white sticks.  
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Structure-based virtual screening for the identification of analogues of fragment 

compounds 

 

In order to identify new small molecules that could possibly bind the 14-3-

3/SOS1pS1161 complex in the identified hydrophobic pocket, a structure-based 

virtual screening was carried out starting from the knowledge acquired with the 

fragment C3. The MolPort database, containing more than 7 million compounds at 

the time of our virtual screening, was first filtered to select compounds bearing three 

substructures that were built using the fragment hit C3 as a query. In particular, the 

substructure pattern was designed based on the putative binding mode of C3 as 

predicted by MD simulations and were converted in SMART strings (Figure 5). In 

total, 357825 molecules passed this filter, and they were subsequently docked with 

GOLD (GoldScore function) using the structure of the 14-3-3/SOS1pS1161 complex 

corresponding to the centroid of the most populated cluster extracted from MD 

simulations as a rigid receptor. The validity of the docking/scoring function was 

preliminarily assessed by re-docking the fragment C3 in its binding site. Docked 

molecules were sorted according to their scoring value, while the top-ranked 500 

molecules from each substructure were visually inspected. Binding mode analysis 

led to select 190 molecules that were submitted to a chemical diversity analysis based 

on a combination of fingerprints and substructure comparison [27]. Finally, 12 small 

molecules were selected for experimental validation based on a combination of 

binding mode, score, and chemical diversity. 
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Figure 5. 2D representation of the substructure designed based on the 
structure of fragment C3, and their corresponding SMART strings. 
 

Assessing the potential of C3 analogs via fluorescence polarization (FP) assay 

 

The FP assay utilizing N-labeling with Fluorescein isothiocyanate (FITC) 

SOS1pS1161 peptide binding to 14-3-3 and small molecules found by virtual 

screening was developed and optimized in a 384-well format. Twelve small 

molecules were tested at a single concentration of 300 µM (Figure 6A). After 30 

minutes of incubation, a set of 2 molecules exhibiting approximately 10% 

stabilization were re-tested via compound titration to 14-3-3/FITC-SOS1pS1161 

complex at constant concentration of 1 µM and 100 nM respectively (Figure 6B). A 

final set of 2 slightly active compounds (i.e. compounds B7 and C1, Figure 6C) was 

selected for follow-up MD simulations as orthogonal proof for the investigation of 

the binding pocket previously detected. 
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Figure 6. Fluorescence Polarization Assay. A) FP single point shows the effect 

of 300 µM small molecules on 1 µM 14-3-3 and 100 nM SOS1pS1161 complex. Mean 
of four experiments. FP signals were recorded 1 h later. B) Titration of compounds 

C1 (red curve) and B7 (green curve) at 500 µM against 1uM 14-3-3 and 100 nM 
SOS1pS1161 peptide. Mean of three experiments. FP signals were recorded 1 h later. 
C) Chemical structure of C1 and B7. 
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Follow-up MD simulations 

 

Since docking was not informative on the slightly stabilizing effect of molecules B7 

and C1 observed in the FP assay, MD simulations were carried out starting from 

docking complexes. For each system, the monomeric form was simulated through 

200 ns of unrestrained MD simulations. 

The most representative structure of each 14-3-3/SOS1pS1161/Molecule complexes 

was extracted from MD trajectories by cluster analysis. All molecules stably bind the 

hydrophobic site on the surface of the 14-3-3/SOS1pS1161 complex that was 

identified as the preferred binding site of the parent fragment C3, thus reinforcing 

our previous results. Specifically, the unsubstituted phenyl ring of C1 establishes a 

cation-π interaction with Arg222. The same interaction is exploited by the 

quinoxalinone ring of B7, which is also H-bonded to Asp204 (Figure 7). A very 

similar binding mode was observed for the fragment C3, whose benzothiazole moiety 

is accommodated in the hydrophobic pocket where it contacts the side chain of 

Arg222 through cation-π interaction (Figure 4B). 

The theoretical delta energy of binding of the four molecules to the 14-3-

3/SOS1pS1161 complex was computed by the Molecular Mechanics Generalized 

Born Surface Area (MM-GBSA) approach. Results showed that the molecules bind 

the hydrophobic site with similar theoretical affinity (Table 1), thus suggesting that 

binding to the identified site is not directly correlated with PPI stabilization, whereas 

this effect could be due to ligands’ specific chemical features and/or structural effects 

induced by the molecules on the 14-3-3/SOS1pS1161 complex.   

To provide insights into the observed PPI stabilization by C1 and B7, the delta energy 

of binding of the SOS1pS1161 peptide in each studied system was computed by the 

MM-GBSA approach and was then decomposed into van der Waals and electrostatic 

contributions provided by each residue (Figure 8). Besides the phosphoserine 

residue, whose phosphate groups strongly contributes - as expected - to peptide 

affinity, Ser10 that is located in the C-terminal tail of the peptide was also found to 

be involved in the stabilization of the SOS1pS1161 peptide, particularly in the 

presence of active hits B7 and C1 compared to the binary reference system 14-3-

3/SOS1pS1161. With the ambition to identify structural determinants that could 
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explain the stabilization effects on Ser10, 50 snapshots were extracted from MD 

trajectories with a constant offset and were superimposed each other. Visual 

inspection of these snapshots highlights that, in the presence of B7 and C1, a greater 

closure of helix α9 towards α3 is observed with respect to the reference binary 

system. This conformational change might be responsible for the stronger 

stabilization of the peptide, compared to molecules A1 and A4 for which no 

reciprocal movement of helices α3 and α9 was detected by MD. Moreover, when 

bound to C1 and B7, Ser10 at the C-terminal end of the peptide is conformationally 

more restricted than in 14-3-3/SOS1pS1161 complexes with inactive compounds A1 

and A4. Taken together, these structural details might explain the stabilizing effect 

of C1 and B7 on the 14-3-3/SOS1pS1161 complex and could be considered as 

privileged determinants in the design and analysis of additional derivatives with 

improved potency. 
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Figure 7. Predicted binding poses of compounds B7 (magenta sticks) and 
C1 (orange sticks), extrapolated from the most representative cluster of 
MD trajectories. Residues of the hydrophobic pocket on the surface of 14-3-

3/SOS1pS1161 complex are showed as grey sticks and are labeled. 
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Table 1. MM-GBSA theoretical affinity of SOS1pS1161 peptide in different 14-3-

3/SOS1pS1161/molecule complex and in the binary reference system 

 

Molecule bound 

to 

14-3-

3/SOS1pS1161 

DeltaG 

binding 

Molecule 

[kcal/mol] 

DeltaG 

binding 

SOS1pS1161* 

[kcal/mol] 

% Stabilization* 

 

None / -102.94 ± 1.35 100 

B7 -26.82 ± 0.52 -110.56 ± 1.32 107.4 

C1 -26.70 ± 0.67 -111.90 ± 1.40 108.7 

A1 -31.33 ± 0.67 -96.71 ± 3.64 93.9 

A4 -25.00 ± 0.52 -100.13 ± 2.00 96.4 

* values are normalized with respect to the delta energy of binding of the peptide in 

the binary complex 
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Figure 8. Panel A shows the total energy contribution to the predicted 
theoretical delta energy of binding of each amino acid of the SOS1pS1161 
peptide. Van der Waals and electrostatic energy contributions are shown in panel 
B and C respectively.  

 

 
V.III | Conclusions 
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Nowadays, exploring the druggability of certain PPIs remains a very challenging 

topic in drug discovery [28]. In most cases, this is due to the limitations of 

biophysical assays, which are not always able to overcome obstacles from a structural 

biology perspective. For this reason, it is necessary to use a wide range of techniques 

in combination with computational approaches, in order to investigate potential hot-

spots of a PPI complex as well as to monitor the conformational changes of such 

system in terms of space and time [2,29]. In this study, the 14-3-3/SOS1pS1161 

complex previously analyzed via X-ray protein crystallography [8,30], was taken as 

a case of study. Thanks to the use of NMR in combination with MD simulations, we 

detected a new hydrophobic pocket on the upper region of 14-3-3/SOS1pS1161 

complex that is potentially able to bind small molecules modulators of 14-3-3 PPI. 

These findings are important starting points for the exploration of the surface of 14-

3-3 PPIs for regions that are different from the amphipathic groove, which is highly 

conserved among the isoforms of 14-3-3 and therefore not necessarily selective for 

the target protein [31]. Together, these data provide strong motivation for the 

development of new tool compounds which are selective for individual 14-3-3 PPIs 

complexes.  
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V. IV | Experimental and computational section  

 

Reagents 

 

All fragments were obtained from a commercial library of UCB Pharma. 

 

Peptides 

 

13merSOS1pS1161peptides [Homo sapiens] (UniProt identifier: Q07889-1) 1155-

PRRRPE{pSer1161}APAESS-1167were obtained from Genscript. The peptides used 

for NMR studies and Thermal shift assays were acetylated at the N-terminus. The 

peptides used for Fluorescence Polarization assays were labeled with Fluorescein 

isothiocyanate (FITC). 

 

Protein expression and purification 

 

14-3-3ζ full length was expressed using BL21(DE3) cells employing pPROEX HTb 

expression plasmids and purified via a nickel column and size exclusion described 

previously [32]. The protein was concentrated to 60 mgml−1, aliquoted, flash-frozen 

in liquid nitrogen and stored at 193 K.  

 

19F Carr-Purcell-Meiboom-Gill (CPMG)  

 

A library of approximately 1100 fluorine containing fragments were cocktailed into 

groups of 12 ensuring no overlap of 19F signals. Cocktails were initially prepared at a 

concentration of 4.2 mM in d6-DMSO and diluted to 800 µM in 20 mM HEPES, 150 

mM NaCl, 1mM 2-Mercaptoethanol, Milli-Q, pH 7.5 before a final dilution to 40 µM 

ligand concentration (1 % d6-DMSO) in either 20 mM HEPES, 150 mM NaCl, 1mM 

2-Mercaptoethanol, Milli-Q, pH 7.5 containing 10 % D2O (for control samples) or as 

above with the addition of 20 µM 14-3-3ζ/13merSOS1pS1161 complex (for 

protein/peptide complex samples). 
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NMR spectra were acquired at 25 °C on a Bruker 600 MHz AVIII-HD spectrometer 

fitted with a 5 mm QCI-F CryoProbe and a SampleJet sample changer. Data were 

collected using a CPMG pulse sequence with a total echo time of 160 ms across a 

sweep width of 126 ppm with an acquisition time of 1 s. All spectra were processed 

using TopSpin 3.2. Fragments were considered binders when the 19F signal intensity 

was significantly reduced in the spectra with protein present compared the spectra 

recorded in the absence of protein. 

 

1H Saturation Transfer Difference (STD)  

 

STD NMR samples were prepared with a ligand to protein ratio of 100:1 (1 mM 

ligand, 10 µM protein) in 500 µl 20 mM HEPES, 150 mM NaCl, 1mM 2-

Mercaptoethanol, Milli-Q, pH 7.5 (90% H2O, 10 % D2O) with 5 % d6-DMSO to help 

solubilize the ligand. STD NMR spectra were recorded using a Bruker Avance III-

HD 600 MHz spectrometer equipped with a 5 mm QCI-F CryoProbe. Data were 

acquired and processed using the standard Bruker software and were collected at 25 

°C. The protein was saturated in the methyl region of the spectrum at 0 ppm and off-

resonance saturation was performed at 33 ppm. A series of 120 50 ms EBurp2 pulses 

were applied with a 4 µs delay between each pulse resulting in total saturation time 

of 6 seconds. Protein signals were removed by applying a 100 ms spinlock. 

Interleaved on- and off-resonance data were recorded, processed separately and 

then the difference spectra obtained by subtracting the on- from the off-resonance 

spectra. Data were zero filled once and an exponential multiplication window 

function applied (LB 2 Hz).  

 

Molecular Dynamics (MD) simulations 

 

The 3D structure of 14-3-3 in complex with 13merSOS1pSer1161 was generated by 

multiple sequence alignment using the Prime software, version 2.1 (Schrodinger) 

[33]. Input coordinates of the template were retrieved from the human 14-3-3 

(Uniprot identifier P63104) and PDB codes 4WRQ for the apo protein system [34]. 
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The obtained structure was used to build the binary protein/peptide complex taking 

the inputs coordinate of the 13merSOS1pSer1161 from PDB code 6F06 [30]. With 

the purpose of modeling the ternary protein/peptide/fragment complex, Corina 

molecular editor software (available at http://www.molecular-

networks.com/online_demos/corina_demo_interactive) was used to obtain the 3D-

structure of the organic molecule C3 (C13H14FN3OS). The fragment was located about 

20-30 Å away from the binary complex. All the systems were simulated by MD 

simulations carried out by Amber18 program. The force field ff14SB [35] was used 

to parametrize the protein and the peptide, while the general amber force field 

(GAFF) was used for non-standard residues and for the fragment. Parameters for 

the phosphoserine residue were retrieved from the AMBER Parameter Database 

[36]. For MD simulations purposes, each system was solvated in a cubic box of TIP3P 

water molecules buffering 10 Å from the surface. Periodic boundary conditions were 

applied. In order to keep the systems electrically neutral, the total charge was 

neutralized by the addition of Na+ counter-ions. According to previous works 

[37,38], the solvent and Na+ ions were energy minimized for 1500 steps using the 

Steepest Descent algorithm (SD) and a further 3500 steps using the Conjugate 

Gradient algorithm (CG), while keeping the solute as fixed. The solvated solute was 

then energy minimized for 1500 steps using the SD and 3500 steps using the CG 

before being heated at constant volume using the Langevin thermostat from 0 to 300 

K over 150 ps. A density equilibration was carried out at constant pressure (NPT 

ensemble) for 150 ps, before running the production of unbiased MD trajectories for 

500 ns (time-step was 2 fs). MD trajectories were processed by the cpptraj software 

[39] and analyzed in terms of root mean square deviation (RMSD) or residue 

fluctuation (RMSF), and cluster analysis. The electrostatic surface potential was 

computed with APBS version 27 [40], and it was visualized in PyMOL molecular 

graphics software [41] 14-3-3/SOS1pS1161 binary complex and docking complexes 

of molecules B7, C1, A1, and A4 were used as starting points in follow-up MD 

simulations, which were carried out with the same settings and the same programs 

described above. Since in the previous MD simulations (intermolecular recognition 

study) we found that systems were stabilized after 50 ns of MD trajectory, 200 ns of 

unrestrained MD simulations were carried out to relax docking complexes. 
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Virtual Screening 

 

The MolPort database, containing 7615837 commercially available compounds in 

June 2019 [42], was used to carry out the docking-based virtual screening. Molecules 

were downloaded in SMILES format and filtered through the FILTER (Openeye) 

version 3.1.0.3 [43]. Different SMART strings were used as a query based on the 

scaffold of molecules C3. Filtered molecules were converted in 3D coordinates with 

OMEGA (Openeye) version 3.1.0.3 [44], their protonation state was assigned by 

QUACKPAC (Openeye) version 2.0.0.3 [44], and then compounds were energy 

minimized by Szybki (OpenEye) version 1.10.0.3 [44], using the MMFF94S force 

field. Molecular docking simulations were carried out with GOLD version 5.6.3 using 

the GoldScore scoring function [45] with the maximum docking accuracy and 

keeping the best pose for each compound. The structure of 14-3-3/SOS1pS1161 

complex corresponding to the centroid of the most populated cluster extracted from 

MD simulations was used as a rigid receptor in molecular docking simulations.  

 

Fluorescence polarization (FP) assay 

 

FP single points measurement and compound titration assay were conducted at 

room temperature using Tecan Infinite F500 plate reader. Excitation wavelength 

was 485 nm and emission were detected at 535 nm. For FP single points, 10 uL of 

solution was dispensed into each of the 384-well plate consisting of 4 replicas for 1 

µM 14-3-3, 100 nM SOS1pS1161 and 300 µM compounds diluted in 20 mM TRIS, 

150 mM NaCl, 0.05% Tween20, MilliQ, pH 7.5.  

Selected compounds were dissolved in DMSO were performed on Corning black, 

round bottom, 384-well plates. Their polarization was measured in presence of 1 µM 

14-3-3 and 100 nM SOS1pS1161, final concentration of 5% DMSO. Same buffer of 

FP single points was used. 

Data analysis was conducted with GraphPad Prism 5 (GraphPad Software, San 

Diego, USA). FP values are expressed in millipolarization (mP) units. 
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Chapter VI | Epilogue  

 

VI.I Introduction 

 

One focus of current drug discovery is the identification of small molecules able to 

modulate specific PPIs. From a medicinal chemistry perspective, this process 

mandates several challenges to be addressed such as affinity, selectivity and stability 

of the designed molecules. To satisfy such features, the target validation becomes the 

first fundamental step for assessing whether there exists a real connection between 

this target and the disease state in the biochemical pathway. At the same time, 

ligandability/druggability properties of the protein complex must also be 

considered. 

With the purpose of discussing future prospects for the TASPPI project, this chapter 

analyses some forthcoming aspects that may contribute to expand our knowledge in 

14-3-3 PPIs modulation.  

 

 

VI.II Problems and perspectives in 14-3-3 PPIs modulation 

 

Due to the large number of phospho-partners able to bind 14-3-3 proteins (>1000) 

[1], the 14-3-3/peptide complex of interest may not be sufficiently unique to identify 

small molecules capable to modulate this interaction without affecting others. In 

particular, the same peptide constructs binding 14-3-3 may belong to different 

protein targets [2]. These aspects support the general idea that it is essential to carry 

out structural characterization of 14-3-3/full-length phospho-partners for 

understanding the basis of selectivity. So far, not many 14-3-3 with almost full-

length complexes have been achieved via X-ray crystallography [3–7] (Figure 1). This 

is mainly because the presence of intrinsically disordered regions (IDRs) in the 

protein targets that makes the crystallographic analysis most of the times 

unsuccessful. Thus, the use of alternative techniques to crystallography able to deal 

with the IDRs (i.e. computational approaches and/or Cryo-EM) are particularly 

encouraging for growing our knowledge in structural analysis [8]. 
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Figure 1. Examples 14-3-3 complexes with almost full-length phospho-

partners obtained via X-ray crystallography. A) 14-3-3/ phosphorylated 

heat shock protein B6 (HSPB6) complex (PDB: 5LTW) [3]; 14-3-3 is represented 
in white surface while HSPB6 in cyan (helixes), magenta (sheets) and pink (loops). 
B) 14-3-3/Neutral trehalase 1 (NTH1) Complex (PDB: 5N6N) [4]; 14-3-3 is 
represented in white surface while NTH1 in cyan (helixes), magenta (sheets) and 

pink (loops). C) 14-3-3/Serotonin N-Acetyltransferase (ANAAT) Complex (PDB: 

1IB1) [5]; 14-3-3 is represented in white surface while ANAAT in cyan (helixes), 
magenta (sheets) and pink (loops). 
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Whether the target motif is likewise phosphorylated in-vivo must also be verified in 

order to 1) investigate physiological relevant constructs and 2) avoid false-positives. 

Taking all these aspects together, bacterial co-expression and purification of suitable 

large constructs of the protein target must certainly be considered as a possible first 

step. In some cases, a single phosphorylation site is enough for 14-3-3 binding, 

whereas in others two phospho-sites are needed [9]. This can definitely affect the 

affinity of 14-3-3 protein for its target as demonstrated by testing 14-3-3ζ’s binding 

to the 40-mer SOS1-pS1134pS1161 peptide via ITC (Figure 2). 

 

Figure 2. ITC results of the binding of a 40-mer SOS1-pS1134pS1161 
peptide to 14-3-3ζ isoform. The binding affinity of about 200 nM is significantly 
increasing when compared to 14-3-3ζ/13-merSOS1pS1161 complex (see Figure 2A-
C, chapter II-II). 
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This result is presenting an even greater challenge to understand the stoichiometry 

of 14-3-3 complexes, which remains to be elucidated as well as the conformational 

changes induced on partner protein. Recently, analysis of different models of 

interaction for multiple binding sites were successfully performed by the 

combination of diverse approaches at both biophysical and structural level [10]. In 

this context, a 14-3-3 binder that contains more than one phospho-site, one site may 

act as “dominant” and function as “gatekeeper”. The region of the protein containing 

the dominant site will then bind one monomer within the 14-3-3 dimer. 

Consequently, the significantly increased effective local concentration of the second 

site, due to anchoring of the partner to 14-3-3 via the high-affinity site, will then be 

capable to interact with remain monomers of 14-3-3. Differently, supposing that the 

site is missing or not phosphorylated, the secondary sites are too weak to establish a 

strong interaction with 14-3-3 [11].  

However, investigating the 14-3-3 protein partner in both free and bound state is 

necessary in order to better understand how the interaction is organized in terms of 

space. A possible scenario involves 14-3-3 as a “molecular anvil” due to its rigidity 

among the helices, which may induce the conformational changes of the target 

protein and leading to subcellular relocalization or interaction with other proteins 

[2,11]. Undoubtedly, all these aspects remain hypothetical and are encouraging 

further studies to clarify the associations involving 14-3-3 interactome. 

As discussed in the introductory chapter, PPI inhibitors are able to decrease the 

affinity via orthosteric or allosteric manner in contrast with PPI stabilizers, which 

increase the binding affinity and stability of the protein for the target. In this context, 

MD simulations proved to be a suitable technique to evaluate “undruggable” 

hotspots and/or allosteric sites of PPIs not easily detectible via experimental 

approaches [12], as demonstrated in chapter 5. In particular, MD simulations is an 

extremely useful aid to analyze 1) conformational changes in terms time (range from 

nano to millisecond time scale), 2) the binding process as well as the stability of the 

protein-ligand complex, and 3) the interaction of the selected small molecule PPI 

modulator [13]. In the framework of 14-3-3/peptide complexes, the major concern 

is the exploration of potential pockets able to bind drug-like compounds which are 

not necessarily located in the amphipathic groove of 14-3-3 protein. Targeting 
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pockets outside the amphipathic groove may be 1) more specific in terms of affinity 

and stability and 2) an encouraging approach for designing new tool compounds in 

drug discovery. In that regard, structural analysis of 14-3-3/full-length phospho-

partners may answer to several critical and challenging questions such as: is the 

amphipathic grove still available to host small molecules modulators? Is a hot-spot 

outside the amphipathic groove belonging to a specific 14-3-3/peptide complex, still 

accessible when working with the full-length phospho-partner?  

In addition, even if lots of progresses have been achieved in the development of new 

small molecules able to modulate 14-3-3 PPIs, important aspects regarding the 

selectivity of the compound for 14-3-3 isoforms remain still unknown. In particular, 

when targeting the amphipathic groove, which is highly conserved among all seven 

isoforms, it is challenging to visualize any isoform specificity, which becomes 

fundamental when considering a particular role of an isoform in a specific signaling 

pathway. However, the C-terminal region is the most variable region of the 14-3-3 

isoform [14]; therefore, an alternative strategy to create isoform selectivity may 

consist in designing small molecule modulators that interact with the amphipathic 

groove as well as the C-terminal region [9]. Nevertheless, how to target selectively 

one single isoform and its role in a specific cancer tumorigenesis is still an 

unanswered question.  

 

 

VI.III Conclusions 

 

In conclusion, the work of this thesis resulted in the identification of new 14-3-

3/ligand complexes not explored before, with a great emphasis on the 

crystallographic data analysis in combination with computational approaches to 

better understand canonical and new protein cavities able to bind tool compounds. 

In particular, this epilogue chapter gives an overview of other possible aspects that 

must be considered for further studies in order to identify appropriate 14-3-3 

partners from a physiological perspective as well as in terms of a 

ligandability/druggability viewpoint. In this way, the chances to identify small 
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molecules with optimal affinity, specificity and stability will significantly increase for 

developing new therapeutic interventions in diverse 14—3-3 PPIs classes. 
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Summary 

 

PPIs are defined as biological phenomena occurring at atomic scale via the 

interactions of macromolecules (i.e. protein, DNA, RNA, etc.). To date, methods 

applied in drug discovery present limitations related to experimental constraints 

such as 1) time scales at which the interactions take place or 2) detecting and target 

undruggable hot-spots within the protein-protein complex. Such limitations obligate 

the use of a broad range of techniques, from biophysical assays and X-ray protein 

crystallography to computational methods. In this context, the studies presented in 

this thesis aimed to characterize new 3D structures of 14-3-3/ligand complexes via 

X-ray protein crystallography as well as biophysical techniques in combination with 

computational tools (MD simulations) in order to explore the possible cavities within 

the system able to bind new tool compounds. Certainly, expanding the knowledge of 

14-3-3 PPIs may help to better understand the role of 14-3-3 interactome at a more 

molecular level, thus giving important insights which may be fundamental for 

developing new small molecule modulator of such PPIs complex in different disease 

areas (i.e. cancer tumorigenesis, neurodegenerative diseases, metabolic diseases 

etc.). All these aspects are fully discussed in the introductory chapter in which an 

overview of the structural and biological features of 14-3-3 is provided; in addition, 

an extended description of the modulation of 14-3-3 PPIs for discovering small 

molecule inhibitors and stabilizers of 14-3-3 PPIs is discussed. Each chapter of this 

thesis provides a full structural characterization of different 14-3-3 PPIs by the use 

of both experimental and computational techniques. 

  

Chapter 2 extensively describes the structural characterization of 14-3-3ζ and 

13mer-SOS1pS1161.by the use of different biophysical assays (FP, ITC, DSF) and 

structural analysis via X-ray protein crystallography. These findings become 

relevant in the Ras-MAP kinase pathway since developing a strategy able to 

modulate this interaction may represent a novel approach to downstream the 

overexpression of the signaling pathway in cancer tumorigenesis. Further studies of 

this PPI complex are reported in chapter 5. 
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Chapter 3 describes the structural characterization of 14-3-3σ and 9mer-PLNpS16 

and 8mer-PLNpT17. For both systems, X-ray protein crystallography was not 

successful, thus the use of homology modelling in combination with MD simulations 

is engaged. To monitor the statistical reliability of these structural models, their 

conformational stability over time is analyzed via root mean square deviation 

(RMSD) calculation and cluster analysis of MD frames. As double proof-of-principle 

demonstration, the structural details reported in this chapter are in agreement with 

published structural data. 

 

Chapter 4 provides a protocol, more conceivable as a guidance for carrying out any 

structural analysis of 14-3-3/peptide complex. The new soaking methodology here 

presented aims to overcome the challenging obstacles that may occur during the 

crystallization process. The technique is applied to 10 different 14-3-3σ/peptide 

system, of which peptide sequence are found in the PDB with different 14-3-3 

isoforms. All the trials are successful making this procedure an encouraging method 

for all the crystallographers focused on structural biology related to 14-3-3 PPIs. 

 

Chapter 5 is focused on the exploration of the ligandability of 14-3-3ζ/SOS1pS1161. 

One starting point hit is found by Fragment-based screening performed by NMR 

(UCB Pharma, UK) later used for further studies via MD simulations (University of 

Siena, IT) for the purpose of investigating the protein cavities able to bind small 

molecules. A full overview of the followed and extended workflow is reported. 

 

The epilogue discusses the possible upcoming developments for any 14-3-3 PPIs 

drug discovery research projects. The importance of understanding the basis of 

selectivity of specific 14-3-3 phospho-partner is extensively argued. In particular, the 

advantages of analyzing structural data of 14-3-3 in complex with full-length protein 

partners may represent the starting point to deal with issues not yet solved related 

to the isoform specificity, essential to develop more potent small molecules able to 

inhibit or stabilize the interaction. 
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