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Chapter 1
Introduction

Abstract
Small molecule modulation of protein-protein interactions is a very promising but also
challenging area in drug discovery. The tumor suppressor protein p53 is one of the most
frequently altered proteins in human cancers, making it an attractive target in oncology. 143-3 proteins have been shown to bind to and positively regulate p53 activity by protecting it
from MDM2-dependent degradation or activating its DNA binding affinity. Protein-protein
interactions can be modulated by inhibiting or stabilizing specific interactions by small
molecules. Whereas the inhibition has been widely explored by pharmaceutical industry and
academia, the opposite strategy of stabilizing protein-protein interactions still remains
relatively underexploited. This is rather interesting considering the number of natural
compounds like rapamycin, forskolin and fusicoccin that exert their activity by stabilizing
specific protein-protein interactions. This chapter aims to give an overview of 14-3-3
interactions with p53, describe the 14-3-3 isoform specific mechanistic differences in
stabilizing p53 and summarize the most promising small-molecule activators of p53.

Parts of this work has been published: Kuusk, A., Boyd, H., Chen, H., Ottmann, C. Smallmolecule modulation of p53 protein-protein interactions. Biol. Chem., recently accepted.
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Protein-protein interactions (PPI)
Protein-protein interactions (PPIs) play a diverse and important role in all living organisms.1,2
They are formed by noncovalent interactions such as hydrogen bonds, van der Waals and
hydrophobic interactions between the residue side chains.1,3 PPIs are involved in a variety of
biological processes including cell-to-cell interactions and metabolic and developmental
control.4,5 Misregulation, post-translational modifications and disturbances of PPIs are
implicated in a number of human diseases making the modulation of these interactions a
very attractive area for drug discovery.6,7,8 Although targeting protein-protein interactions is
challenging due to the flatness and the large size of the interface, it has proven to be a
promising approach with a significant number of PPI modulators in clinical trials. 9,10,11
Modulation can be achieved by either inhibiting or stabilizing a specific protein-protein
interaction by small molecules.2,12,13,14 Small molecules modulating PPIs have been shown to
have two modes of action (Figure 1.1). First, small molecule modulators can trigger a
conformational change required for the stabilization or inhibition of PPIs by binding to a
location distant from the protein interface, acting as an allosteric modulator. Second, the
molecule binds at the interface of the protein complex and either prevents or promotes the
association of proteins, acting as an orthosteric PPI inhibitor or stabilizer. 2,15,16
Whereas the inhibition of PPI has been successfully applied in drug discovery, the alternative
approach of targeted stabilization of the binary protein complexes with small molecules has
remained relatively unexplored despite the attractiveness of this approach.17 Inhibitors exert
their function by directly binding to the interface of one of the interacting proteins thereby
preventing its binding to partner proteins.2 Small-molecule stabilizers can bind to proteins
with lower affinity than is typically observed for inhibitors because they do not need to
compete for binding sites. In addition, binding to both proteins at the same time potentially
makes PPI stabilizers more specific compared to inhibitors which only bind to one protein.15
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Figure 1.1. Schematic representation of PPI modulation strategies (adapted from 16, 18) with examples of allosteric
and orthosteric PPI inhibitors and stabilizers AMG-232, JG-38, Fusicoccin-A and tafamidis.19, 20, 21, 22

Tumor suppressor protein p53
p53, dubbed as the ‘guardian of the genome’, is a tumor suppressor protein that is
responsible for mediating cell cycle arrest, apoptosis and senescence in response to DNA
damage or other stress signals (Figure 1.2).23,24 Mutation or inactivation of the tumor
suppressor protein occurs by several mechanisms and is observed in approximately 50% of
human cancers.25,26,27
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Figure 1.2 Pathway of the tumor suppressor protein p53 (adapted from 28, 29, 30)

The full length human p53 is composed of 393 amino acids and contains an N-terminal
transcriptional activation domain (TAD), a proline rich domain (PD), DNA binding domain,
linker region, tetramerization domain and a C-terminal regulatory domain (Figure 1.3).31
The N-terminus of the p53 protein contains two TAD domains (TAD 1 and TAD 2) that are
required for the transactivation of different genes. It has been shown that both TAD
subdomains are functional and act synergistically. TAD domain is a binding site for many
proteins that are involved in different steps of transcription.32 The binding partners include
transcriptional coactivator p300/CBP and negative regulators MDM2, MDMX and E1b. 32,33
The proline-rich domain links the N-terminal TAD domain to the DNA-binding domain and is
required for apoptosis and mediating protein-protein interactions of the TAD domain.34,35 It
contains 12 proline residues including five repeats of the sequence PXXP, where X is any
amino acid besides proline.36 The DNA-binding domain encompasses nearly 50% of the
protein and is responsible for the sequence-specific DNA binding. The majority of mutations
identified in human tumors are found in the DNA-binding domain. The tumor suppressor
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protein binds to DNA as a tetramer.37 DBD is connected to a tetramerization domain via a
flexible linker. The tetramerization domain is responsible for the formation of a functionally
active tetramer.38 The C-terminal region of the tumor suppressor protein regulates p53
transactivation potential through different mechanisms. It has shown to facilitate sequencespecific DNA binding and stabilize the interaction between DBD and DNA.39

Figure 1.3. Structure of the tumor suppressor protein p53. Human p53 is composed of 393 amino acids and contains
an N-terminal transcriptional activation domain (TAD), a proline rich domain (PD), DNA binding domain, linker region,
tetramerization domain and a C-terminal regulatory domain.

14-3-3 proteins
14-3-3 proteins are a family of highly conserved adapter proteins with a large number of
binding partners expressed in all eukaryotic cells and tissues.40,41,42 All animal and plant
tissues contain several 14-3-3 isoforms.43 In mammalian cells, seven highly conserved 14-33 isoforms (β, γ, ε, ζ, η, τ and σ) have been identified.43,44 14-3-3 proteins exert their function
by binding to phosphoserine- or phosphothreonine motif-containing proteins and regulate
their enzymatic activity, sub-cellular localization or interaction with other proteins (Figure
1.4).45,46
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Figure 1.4 A schematic representation of 14-3-3 modes of action (adapted from 46, 47).

14-3-3 proteins are present in cells as W-shaped homodimers or heterodimers (Figure 1.5
A).48,49 Each monomer consists of nine anti-parallel α-helices designated with letters (αA, αB,
αC, αD, αE, αF, αG, αH, αI).40,50 Distributed interactions between residues in αA and αB in
one monomer and αC’ and αD’ in the other monomer are essential for the formation of the
14-3-3 dimer.51,52 Helices αC, αE, αG and αI in both monomers form an amphipathic binding
6
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groove that can accommodate disordered phosphorylated or dephosphorylated peptide
regions of proteins.52 The peptide binding groove in each monomer is approximately 35 × 35
× 30 Å in size and contains a basic pocket formed by four highly-conserved amino acids Lys49, Arg-56, Arg-129 and Tyr-130 that mediate interactions with phosphorylated residues of
ligands (Figure 1.5 B) 41,53. Synthetic peptides mimicking the region that interacts with 14-33 in the amphipathic binding pocket are often used to study 14-3-3- protein interactions. 143-3 proteins have been shown to recognize three high-affinity phosphoserine or
phosphothreonine containing peptide motifs: RSXpSXP (mode 1), RXF/YXpSXP (mode 2) and
pS/TX1-2-COOH (mode 3), where pS represents phosphoserine, X any amino acid and -COOH
the C-terminus of the peptide.51,54,55

Figure 1.5. Structure of the 14-3-3σ dimer (PDB ID: 1YZ5). (A) Each monomer consists of nine anti-parallel helices.
Helices αC, αE and αG form an amphipathic peptide binding groove. αH-αI linker contains three amino acids which
are not present in other 14-3-3 isoforms (PDB ID: 1YZ5). (B) Lys-49, Arg-56, Arg-129 and Tyr-130 in the binding
groove mediate interactions with phosphorylated peptides (PDB ID: 1YZ5).

Of the seven isoforms, 14-3-3σ plays a particularly important role in tumorigenesis and has
been directly linked to human cancers.51 14-3-3σ is induced by the tumor suppressor protein
in response to DNA damage to mediate cell cycle arrest and potentiate p53 stability.56
Decreased levels of 14-3-3σ protein have been reported in several types of cancer such as
ovarian, gastric, prostate, breast and lung, indicating that its tumor suppressor function is
compromised.56,57 As the peptide binding groove is highly conserved in all 14-3-3 isoforms,
the functional specificity and distinct ligand discrimination of 14-3-3σ protein has to involve
secondary ligand recognition site.51 Most of the non-conserved amino acid residues are
located on the outer surface of the protein, on the opposite side of the phosphopeptide
binding channel.51,58 These variabilities also include key residues that are responsible for
7
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isoform specific ligand recognition.59 One of the most significant divergences is the amino
acid sequence and configuration in the αH-αI linker at the edge of the peptide binding groove
(Figure 1.5 A).58,60,47 This linker contains three amino acids (Met-202, Asp-204 and His-206)
which are found only in the 14-3-3σ isoform.51 This observation strongly suggests that this
may be the secondary ligand binding site critical for 14-3-3σ isoform specific ligand
discrimination.51,52

14-3-3 proteins interact with p53
Acetylation and phosphorylation of the tumor suppressor protein upon stress stimuli are
critical for p53 activation.61 Phosphorylation at Ser-15, Ser-20 and Ser-37 have been shown
to inhibit the interaction with its negative regulator MDM262,63 ATM mediated
dephosphorylation at Ser-376 and Chk1/Chk2 dependent phosphorylation at Ser-378 create
a binding site for 14-3-3 proteins.64 In addition, two other phosphorylation sites, Ser-366 and
Thr-387 have been identified as potential 14-3-3 binding sites.61 Of these, Thr-387 is the most
important as it has been shown to increase the binding affinity of a synthetic C-terminal
domain (CTD) peptide of p53 to 14-3-3 γ and ε isoforms.61,65 Synthetic peptides mimicking
the C-terminal domain of phosphorylated p53 region that interacts with 14-3-3 protein have
been used for studying the 14-3-3 – p53 protein-protein interaction.
p53 lacks of the defined classical mode 1, 2 and 3 binding motifs and forms a rather unique
interaction with 14-3-3σ.61,66 The mode 1 and 2 binding motifs contain a Proline at position
+2 from the phosphorylated amino acid which redirects the polypeptide backbone. In p53
the +2 residue C-terminal to the phosphorylated Thr-387 is Glycine which is followed by
Proline at +3 causing the peptide to fold back on itself. The crystal structure of the 9mer
pThr-387 CTD peptide of p53 in complex with 14-3-3σ protein showed that the binding of
the peptide in the basic pocket of 14-3-3σ is coordinated by four amino acids: Lys-49, Arg56, Arg-129 and Tyr-130 (Figure 1.6). This unique binding mode of p53 CTD peptide to 14-33σ allows it to occupy only 2/3 of the 14-3-3σ phosphopeptide binding groove. A potential
binding pocket for small molecules is established at the interface of 14-3-3σ and Glu-388 of
p53 and is directed towards the ligand binding pocket. 66 It has been hypothesized that this
pocket could be targeted by small-molecule PPI stabilizers.
8
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Figure 1.6. Crystal structure of 14-3-3σ in complex with CTD 12mer peptide of p53. The pocket formed in the peptide
binding channel can accommodate a PPI stabilizer (PDB ID: 3LW1).

Comparison of the binding affinities of 14-3-3 ε, γ, τ isoforms to phosphorylated CTD p53
peptides (pSer-366, pSer-378, pThr-387, pSer-366/pThr-387, pSer-378/pThr-387, pSer378/pThr-387) indicated that γ and ε had similar affinities while the binding of τ and σ
isoforms to mono- phosphorylated peptides was 1.7 times weaker. Interestingly, a study
involving alanine mutated phosphorylation sites Ser-366, Ser-378 and Thr-387 and the triple
mutant (Ser-366A/Ser-378A/Thr-387A) showed that γ, ε, τ and σ isoforms bound to all single
alanine mutated p53 peptides but only σ and τ isoforms formed a strong interaction with the
triple alanine mutated peptide. These observations suggest that phosphorylation at any one
of the three sites is sufficient to form an interaction with 14-3-3 γ and ε isoforms and 14-3-3
σ and τ are likely to have an additional p53 binding site which might be in the αH-αI linker
region.65
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14-3-3 isoforms display mechanistic differences in stabilizing p53
14-3-3 proteins enhance the transcriptional activity of the tumor suppressor protein by
either increasing the p53 levels or facilitating its DNA binding properties. The p53 activation
mechanism is isoform specific.65 Increasing levels of 14-3-3 σ and τ protein have been shown
to increase the p53 levels thereby stabilizing the tumor suppressor protein while 14-3-3 γ
and ε had no significant effect on p53 levels.56,65
It has been shown that the expression of 14-3-3σ inhibits oncogene-activated tumor growth
in nude mice cells and prevents the transformation and growth of breast cancer cells.67,68
Yang et al. demonstrated that the 14-3-3σ mediated stabilization of the tumor suppressor
protein is a result of an increase in p53 half-life.68 Moreover, elevated levels of 14-3-3σ
protein decreased the activity and half-life of MDM2 and inhibited its ubiquitin ligase activity
towards p53 and blocking MDM2-mediated p53 nuclear export thereby retaining p53 in the
nucleus. These observations suggest that p53 might also have an additional 14-3-3σ and τ
binding site which directly interferes with MDM2-regulated p53 inactivation and preserves
its activity in cells.65 MDM2 regulates p53 by binding to the N-terminal TAD domain of p53.31
14-3-3 σ, τ, ε and γ isoforms have been shown to interact with the C-terminal domain of p53
but it has been hypothesized that the TAD domain may harbor an additional binding site for
σ and τ proteins which would explain its ability to inhibit the interaction between p53 and
MDM2.65 Another 14-3-3σ regulated activation of p53 involves its ability to inhibit G2-M
progression which is important for blocking the entry of DNA damaged cells into mitosis.53,69
14-3-3σ is transcriptionally activated by p53 upon DNA damage.69 The expressed 14-3-3σ
protein associates with the phosphorylated Ser-216 residue of the Cdc25C phosphatase,
which regulates the entry into mitosis.70 The binding inactivates the phosphatase by
promoting its cytoplasmic localization thereby preventing Cdc25C mediated dephosphorylation of Cdc2 required for entry into mitosis.69,70
Upon stress, p53 binds to DNA to regulate the transcription of genes that mediate cell-cycle
arrest.71 p53 binds to DNA as dimers and forms an active tetramer on DNA.61 Tetramerization
is essential for high-affinity DNA binding and plays an important role in exerting the
transcriptional activity of p53.71,72 At low concentrations, p53 exists in equilibrium between
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dimers and tetramers. 14-3-3 γ and ε shift the dimer-tetramer equilibrium towards the
formation of tetramers thereby facilitating the oligomerization and enhancing the DNA
binding affinity of p53.65 Rajagopalan et al. demonstrated that 14-3-3 σ and τ have no
significant effect on enhancing the DNA-p53 binding by facilitating the formation of dimerdimer interaction.65 These observations clearly demonstrate the mechanistic regulatory
differences between 14-3-3 proteins leading to the stabilization of the tumor suppressor
protein. However, it remains to be determined what drives the selection of different
stabilization mechanisms.

Small-molecule activation of p53
Under physiological conditions, the activity of p53 protein is controlled by the E3 ubiquitin
ligase MDM2. MDM2 binds to the N-terminal domain of p53 and mediates its inactivation
through multiple mechanisms: it inhibits the transactivation function of p53, promotes its
ubiquitination-mediated degradation and exports p53 out of the nucleus.73,74 Overexpression
of MDM2 and subsequent inhibition of the tumor suppressor protein function has been
reported in a variety of human cancers. Therefore, inhibiting the MDM2 – p53 PPI by small
molecules has become a promising approach for the reactivation of the p53 pathway in
cancers that retain wild-type p53.73,75 The binary crystal structure of the N-terminal domain
of human MDM2 in complex with the N-terminal peptide of p53 revealed that three amino
acids at the N-terminus of the p53 peptide (Phe-19, Trp-23 and Leu-26) are critical for
establishing an interaction with MDM2 (Figure 1.7).76 Various approaches such as
computational screening, high-throughput screening of compound libraries and structurebased de novo design have been applied for the design and identification of small-molecule
inhibitors.73 The most promising small-molecule inhibitors of MDM2-p53 reported to date
belong to three different classes of compounds: nutlins, spirooxindoles/indols and
piperidones.73,77,78
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Figure 1.7. Binary crystal structure of human MDM2 and 9mer peptide of p53. Phe-19, Trp-23 and Leu-26 amino
acids of p53 are play an important role in establishing an interaction with MDM2 (PDB ID: 1T4F).

Nutlins and nutlin-like compounds
The first potent and specific small-molecule inhibitors, the Nutlins, were discovered by
Vassilev et al by screening a library of cis-imidazoline compounds using a surface plasmon
resonance technology. Nutlin-1, Nutlin-2, Nutlin-3b and an active enantiomer Nutlin-3a,
obtained from the modification of the lead compound, inhibit the MDM2 – p53 interaction
with a Kd value of 0.26 µM, 0.14 µM, 13.6 µM and 0.09 µM, respectively. Nutlins exert their
function by occupying the p53 binding site of MDM2 and mimicking the three hydrophobic
amino acid residues of p53 (Phe-19, Trp-23, and Leu-26) (Figure 1.8 A).79 As a result, the p53
binding pocket is sterically blocked by the compound which leads to an increase in p53 level
and restoration of its tumor suppressor activity.78,79 Although Nutlin-3a has become an
important tool compound for studying the biology of p53 and therapeutic applications of
MDM2 inhibitors, the pharmacological properties of Nutlins were inadequate for clinical
development.80 Further structural optimization of Nutlin-3a led to the development of a
more potent MDM2 inhibitor RG7112. Similarly to Nutlin-3a, RG7112 occupies the deep
hydrophobic binding cleft of MDM2 with 4-chlorophenyl groups filling the Trp-23 and Leu26 pockets and the ethoxy group sitting in the Phe-19 pocket (Figure 1.8 B).80,81 The 4methoxy group of Nutlin-3a was replaced by a tert-butyl group in order to prevent the
oxidation of the imidazoline to imidazole.80 RG7112 has completed Phase 1 clinical trials and
has approximately four times higher potency and better pharmacological properties than
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Nutlin-3a.81 Stereochemical modification of the configuration of the pyrrolidine scaffold led
to the discovery of a second-generation pyrrolidine-based compound RG7388 (Idasanutlin)
(Figure 1.8 E). Although, RG7388 has an identical cellular mechanism of action to that of
RG7112, it shows better activity and selectivity and can effectively activate the p53 pathway
at lower concentrations than is observed for RG7112. RG7388 is currently in clinical trials for
the treatment of solid and hematological tumors.82,83
Spirooxindoles and indols
The spirooxindole class of compounds was developed by structure-based de novo design.
The oxindole ring of this compound class mimics the Trp23 side chain in p53 while the
hydrophobically substituted spiropyrrolidine ring mimics the other two hydrophobic residues
(Phe-19 and Leu-26) in the p53 binding pocket of MDM2.84 A new analogue of “MI”
compounds were designed in order to mimic the additional interaction between Leu-22 of
p53 and MDM2 which has proven to play an important role

77,85

. This resulted in the

development of MI-63 which showed a good in vitro activity and bound to MDM2 with a Kd
of 3 nM (Figure 1.8 E).85 However, due to unsatisfactory pharmacological properties MI-63
proved to be unsuitable for in vivo studies. Further optimization of the compound led to the
identification of MI-219 (Figure 1.8 E).86 The predicted binding model of MI-219 to MDM2
suggests that the oxindole mimics the Trp-23 of p53 and the spiro-pyrrolidine core directs
the 3-chlorophenyl into the Phe-19 pocket and the neopentyl group sits deeply in the Leu26 pocket.82,84 MI-219 binds to MDM2 with a Kd of 5 nM and has good oral bioavailability and
improved pharmacokinetic properties.86

The stereochemistry of the “MI” class of

compounds have a significant effect on their binding affinities to MDM2. This observation
led to the identification of MI-888 which binds to MDM2 with a Kd of 0.44 nM and has better
pharmacological properties and in vivo efficacy than MI-219 (Figure 1.8 E).87 Wang et al.
reported a novel small-molecule inhibitor of MDM2-p53, SAR405838, an analogue of MI-888,
which has completed Phase 1 clinical trials. SAR405838 has several structural differences
from MI-219. It mimics all three important amino acid residues of p53 (Phe-19, Trp-23 and
Leu-26) and has an additional interaction with MDM2 (Figure 1.8 C). The C1 atom in the
oxindole group has a hydrophobic interaction with MDM2. In addition, there is a π-π overlap
13
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between the His-96 of MDM2 and 2-fluoro-3-chlorophenyl of the compound and a hydrogen
bond between the carboxyl group of SAR405838 and the imidazole side chain of His-96 of
MDM2.88 These additional interactions make SAR405838 a highly potent inhibitor. Another
small-molecule inhibitor developed by Shaomeng Wang’s laboratory has entered clinical
trials is APG-115 (Figure 1.8 E). APG-115 is stable in solutions, has good pharmacological
properties and binds to MDM2 with a Kd of < 1 nM.89
Piperidones
Piperidones are a class of compounds that contain a piperidine ring which gives them unique
biochemical properties.90 Functionalized piperidines rings are present in many alkaloid
natural products and drug candidates.90,91 Rew et al. applied a structure-based drug design
approach and identified a novel piperidone class of MDM2 – p53 inhibitors which led to the
development of AM-8553. The crystal structure of AM-8553 with human MDM2 showed that
the C5 aryl group occupies the Leu-26 pocket, while the C6 aryl group fills the Trp-23 binding
pocket and the ethyl group is directed into the Phe-19 cavity (Figure 1.8 D).92 In addition, the
carboxylate group of AM-8553 forms an additional charge-charge interaction with His-96 of
MDM2. Although AM-8553 showed high affinity to MDM2 and excellent cellular activity, its
poor bioavailability and high clearance restricted further clinical development.92,93 Further
optimization of the compound resulted in the identification of sulfone-derived inhibitor
AMG-232 which is now in clinical trials (Figure 1.8 E). AMG-232 binds to MDM2 with a Kd of
0.045 nM. The improved potency of AMG-232 can be explained by the formation of the
hydrophobic interaction between alkyl sulfone and the glycine shelf of MDM2. 21
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Figure 1.8. Inhibitors of the MDM2 – p53 PPI. (A) Binary crystal structure of MDM2 and Nutlin-3a (PDB ID: 4HG7).
Nutlins mimic the three key amino acids (Phe-19, Trp-23 and Leu-26) of p53 binding to MDM2. (B) Crystal structure
of RG7112 binding to MDM2 (PDB ID: 4IPF). (C) Crystal structure of SAR405838 binding to the p53 binding pocket
of MDM2 (PDB ID: 5TRF). (D) Crystal structure of AM-8553 occupying the binding pocket (PDB ID: 4ERF). (E) Nutlin,
spirooxindole/indole and piperidone derivates as inhibitors of MDM2 – p53 PPI.
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Aim and outline of the thesis
Protein-protein interactions (PPIs) play an important role in many biological processes. Their
mis-regulation and post-translational modifications are reported in a number of human
diseases making them attractive targets in drug discovery. Small-molecule modulation of PPIs
is considered a challenging yet potential approach with several modulators in clinical trials.
PPI modulation can be achieved through two approaches: inhibition and stabilization.
Despite the advantages of PPI stabilization, the vast majority of PPI modulators are inhibitors.
This thesis explores the potential of small-molecule induced modulation of the adapter
protein 14-3-3σ. The family of 14-3-3 proteins consists of seven highly conserved isoforms in
humans and is involved in protein-protein interactions with several hundred binding
partners. As 14-3-3σ is most directly linked to human cancers, regulation of cancer relevant
14-3-3 protein-protein interactions by small-molecules hold a great potential in
tumorigenesis.
Chapter 2 focuses on demonstrating the proof-of-concept for targeting 14-3-3σ – p53 PPI as
a potential therapeutic approach. p53 is a tumor suppressor protein that is mutated or
inactivated in a majority of human cancers. 14-3-3σ is the only isoform that is induced by p53
in a response to DNA damage and functions as a positive regulator of p53 by inhibiting its
MDM-2 dependent degradation. The C-terminal domain of p53 has been shown to bind to
14-3-3σ and form a small pocket at that could be targeted by small-molecule stabilizers. This
chapter describes the identification of a first 14-3-3 – p53 PPI stabilizers, Fusicoccin-A, that
serves a valuable tool-compound for further fragment screening experiments. In addition, an
interesting paradox between biophysical data and crystallography is observed.
Peptides are often used as protein mimics when studying protein-protein interactions.
Therefore, a precise molecular characterization of PPI is essential for rational design of novel
and specific small-molecule PPI modulators. Chapter 3 provides a detailed molecular and
structural characterization of 14-3-3σ – p53 PPI by studying the binding of different lengths
of p53 peptides to 14-3-3σ protein using ITC, SPR, NMR and MD simulations. This chapter
concludes that the uncorrelated binding affinities are related to the disordered character of
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p53 peptide and its propensity to form a turn conformation that is stabilized by a network
on inter- and intra- peptide interaction.
Although Fusicoccin-A represents a valuable starting point for drug design, further
optimization of fusicoccanes has proved to be synthetically challenging. Therefore,
alternative approaches for developing PPI stabilizers are needed. In addition to highthroughput screening (HTS), a fragment-based drug discovery (FBDD) has emerged as a
powerful tool for efficient discovery of lead compounds. FBDD utilises a range of biophysical
and structural assays for the identification of low molecular weight small-molecules that can
be optimized towards drug-like leads. Chapter 4 describes a rational fragment-based
approach that leads to the identification of small-molecule 14-3-3σ – p53 PPI stabilizer.
Although the fragment-induced stabilization effect is relatively weak, it serves a good starting
point for the development of small-molecule PPI stabilizer.
An extensive fragment-screening approach has revealed the existence of two secondary
small-molecule binding sites on 14-3-3σ that seems to be a general feature of most of the
proteins. Chapter 5 reports the identification of three more of these sites. Two of these
located at the 14-3-3σ dimerization interface and are not involved in protein-protein
interactions with partner proteins. As 14-3-3σ exerts many of its specific functions as a
homodimer, fragments destabilizing or stabilizing homodimerization may be a promising
approach to regulate 14-3-3σ activity in cancer therapy. Chapter 5 describes the screening
of small-molecules that could modulate 14-3-3 homodimerization and provide a starting
point for the development of 14-3-3 inhibitors or stabilizers.
The epilogue briefly describes the work presented in this thesis and discusses the possibilities
to further expand the research. It explains the importance of a careful selection of synthetic
PPI mimics if they are used to be as tools to study PPI in biophysical assays and demonstrates
that the structural knowledge of the binding mechanism can be further employed for the
design of specific PPI modulators. In addition, opportunities to further proceed the project
are described.
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Chapter 2
Fusicoccin-A: First Small-Molecule Modulator of
14-3-3σ – p53 Protein-Protein Interaction

Abstract
14-3-3 proteins are positive regulators of the tumor suppressor protein p53, the mutation of
which is implicated in many human cancers. Current strategies for the therapeutic targeting
of p53 involve restoration of its wild-type function or inhibition of the interaction with
MDM2, its negative regulator. Despite the efficacy of these strategies, the alternate
approach of stabilizing the interaction of p53 with positive regulators, and thus maintaining
or enhancing tumor suppressor activity, has not been explored. This chapter provides a first
example of small-molecule stabilization of the 14-3-3σ – p53 protein-protein interaction and
demonstrates the potential of this approach in cancer therapy. In addition, an interesting
disconnection between biophysical and crystallographic data is described.

This work has been published: Doveston, R.G., Kuusk, A., Andrei, S.A., Leysen, S., Cao, Q.,
Castaldi, M.P., Hendricks, A., Brunsveld, L., Chen, H., Boyd, H., Ottmann, C. Small-molecule
stabilization of the p53 - 14-3-3 protein-protein interaction. FEBS Lett. 591, 2449-2457
(2017).
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Introduction
The tumor suppressor protein p53 plays a critical role in regulating DNA repair, cell cycle
arrest and apoptosis.1 Mutation of this transcription factor has reported in over 50% of all
cancers and thus the p53 pathway has become an attractive therapeutic target. 2 One of the
most widely explored approaches is to activate wild-type p53 function by using smallmolecule inhibitors to disrupt p53 interaction with its negative regulator MDM2. 2,3 This
strategy has proven to be successful, with a number of compound in clinical trials.2,4
Therefore, the modulation of other protein-protein interactions (PPIs) in the p53
interactome has received little attention.
The 14-3-3 family of proteins are a class of dimeric adapter proteins with seven isoforms in
humans (β, γ, ε, η, σ, τ, ζ). They are involved in PPIs with hundreds of partner proteins and
play an important role in multiple cellular processes including cell-cycle control, signal
transduction, apoptosis and protein trafficking or sub-cellular localization.5 As a number of
14-3-3 binding partners are implicated in various human diseases, the modulation of such
PPIs would be highly beneficial. Whereas the inhibition has been widely demonstrated and
applied in drug discovery, the opposite strategy of stabilizing PPIs has remained relatively
underexplored.6,7 This is rather surprising considering that a natural compound Fusicoccin-A
(FC-A) (Figure 2.1 A) and its derivatives have been reported to stabilize 14-3-3 interactions
with several partner proteins.8 In this context stabilization is defined as the lowering of the
Kd for a given interaction between protein and partner protein peptide mimic as a direct
result of small-molecule binding at the PPI interface. This ‘molecular glue’ stabilizing effect is
most pronounced with binding partners bearing a C-terminal 14-3-3 recognition motif, or
‘mode 3’ motif (Figure 2.1 B) such as ERα, human protein glycoprotein (GP)Ibα and
TASK3.9,10,11 More recently it has been shown that fusicoccane derivatives can also stabilize
internal or ‘mode 1 or 2’ partner protein recognition motifs. For example FC-A has been
shown to stabilize 14-3-3 interaction with CFTR, the semi-synthetic derivative ISIR-005
stabilizes the interaction with Gab2 and related natural product cotylenin the interaction
with C-Raf.12,13,14
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14-3-3 proteins act as positive regulators of p53 through binding to the disordered C-terminal
domain (CTD) following stress-induced phosphorylation of key residues (Ser378, Ser366 or
Thr387).15,16,17 14-3-3 isoforms have been shown to employ different mechanisms for
activating p53. The σ isoform is the only isoform that is induced by p53 to regulate p53 levels
in cells and suppress tumor growth, presumably by antagonizing MDM2-mediated
ubiquitination of the tumor suppressor protein.15 The γ and ε isoforms have been linked with
enhanced p53 tetramerization and thus transcriptional activity.16,17 A recent study also
reported the negative regulation of 14-3-3γ as a result of downstream p53 transcriptional
activity and further highlights the complexity of the network.18 Never-the-less the
stabilization of the 14-3-3σ – p53 PPI represents a highly attractive, yet challenging, drug
discovery strategy.

Figure 2.1. (A) Structure of Fusicoccin-A. (B) Comparison of 14-3-3σ partner protein binding motifs: Mode 1 and 2,
mode 3 and p53. Phosphorylated residues are shown in red and key proline/glycine residues in green. (C) Binary
crystal structure showing a p53-CTD 9mer peptide phosphorylated at pThr-387 (light blue) bound to 14-3-3σ (grey)
(PDB ID: 3LW1). The potential small-molecule binding pocket is identified.

In 2010 Schumacher et. al reported a crystal structure of 14-3-3σ bound to the extreme Cterminus of p53 (9 amino acid residues) with phosphorylation at Thr387.19 This provided a
structural basis for 14-3-3σ binding to p53 which occurs via a recognition motif that is distinct
from the classical ‘mode 1, 2 or 3’ model (Figure 2.1 C). In this case Gly at +2 followed by Pro
at +3 residues C-terminal to the phosphorylated Thr-387 cause the peptide to fold back on
itself and form a potential ligand binding pocket (Figure 2.1 C). However, it was hypothesized
that the Glu-388 side-chain that is orientated directly into that space would prevent interface
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binding of, and thus stabilization by, fusicoccane derivatives.19 Since then, enhancement of
the 14-3-3σ – p53 interaction by amifostine, a radioprotector in its dephosphorylated form,
has been demonstrated in a cellular and radiative-independent context although there is as
yet no chemical rationale for these observations.20
This chapter reports that FC-A does in fact act as a stabilizer of this important PPI despite
previous hypotheses to the contrary. This finding marks a significant milestone toward
demonstrating proof-of-concept for targeting the 14-3-3σ – p53 interface as a therapeutic
modality. However, the discovery is also met with a paradox that has not been previously
observed in the case of 14-3-3 proteins: Although the biophysical data clearly points to
stabilization, crystallographic studies indicate greater disorder in the ternary complex which
can only be explained as an artefact of crystal soaking.

Identification of FC-A as a PPI modulator
A robust FP assay was developed to measure the 14-3-3σ – p53 binding affinity. To this end
a TAMRA-labelled 32mer peptide of p53 that mimics the CTD of the tumor suppressor
protein was used. Titration of 14-3-3σ to a fixed concentration of fluorescent labelled peptide
resulted in the expected increase in polarization and characteristic sigmoidal curve (Figure
2.2 A, black). From this data an apparent Kd of 13.7 ± 1.8 μM was calculated.

Figure 2.2. FP experiments show FC-A stabilization. (A) 14-3-3σ titration to TAMRA-p53-CTD 32mer peptide
(pThr387, 10 nM) in the presence of increasing concentrations of FC-A (0.00 mM, 0.10 mM, 1.0 mM). (B) Doseresponse experiment showing change in polarization from the DMSO control (ΔPolarization) upon titration of FC-A
and p53-CTD 15mer peptide (pThr387) to 14-3-3σ (10 μM) and TAMRA-p53-CTD 32mer peptide (pThr387, 10 nM).
Data shown are mean ± SD of three separate experiments each with triplicate measurements.
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In order to define an FP assay window that would be suitable for the identification of PPI
stabilizers and inhibitors, both negative and positive control compounds are required.
Therefore, a selection of potential modulators were screened in a single-shot format.
Shorter, unlabeled peptides mimicking the CTD of p53 (e.g. a 15mer peptide) and other 143-3 binding partners such as ERα that were hypothesized to compete for binding to 14-3-3
proved to be ideal negative controls (Figure S1). No tool-compounds for identifying
stabilizers of this interactions had previously been reporter and due to the unique binding
mode of p53, none of the known 14-3-3 stabilizers were expected to be effective.
Nevertheless, in the interest of thoroughness four fusicoccanes (FC-A, FC-A aglycone, FC-HOMe and FC-THF) along with epibestatin, a synthetic 14-3-3 stabilizer (Figure S1) were
screened. To our surprise, FC-A showed a notable increase in polarization and intriguingly
was the only fusicoccane screened to do so.
To further confirm that the increase in polarization is directly caused by FC-A induced
modulation of this interaction, 14-3-3σ was titrated to a fixed concentration of TAMRAlabelled 32mer peptide in the presence of 0.1 mM and 1 mM of FC-A (Figure 2.2 A, red and
blue). Increasing concentration of FC-A was observed to reduce the apparent Kds from 13.7
± 1.8 μM in the absence of FC-A to 6.3 ± 0.6 μM at 0.10 mM FC-A and 1.7 ± 0.1 μM at 1.0
mM FC-A. These results indicate that FC-A (at 1.0 mM) induced an 8-fold stabilization of the
14-3-3σ interaction with the TAMRA-labelled p53 CTD peptide. Next, dose-response
experiments were performed whereby FC-A and the p53 CTD 15mer peptide were titrated
to fixed concentrations of 14-3-3σ and TAMRA-peptide (Figure 2.2 B). Here, FC-A showed a
dose-dependent increase in polarization, further indicating genuine stabilization although
with low potency: EC50 = 135 μM (± 12 μM). A series of control experiments were also
performed that ruled out changes in fluorescent intensity upon 14-3-3 and/or FC-A binding
to the TAMRA labelled peptide being the reason for observed changes in polarization (Figure
S1). Displacement of the TAMRA-peptide by 15mer p53 CTD peptide was also shown to be
dose-dependent (Figure 2.2 B, red), although the IC50 value was found to be high and beyond
the limits of accurate determination in this assay (IC50 > 200 μM).
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Isothermal titration calorimetry confirms FC-A modulation
In order to further corroborate the stabilization effect observed in FP, the binding of
unlabeled p53 CTD 15mer peptide to 14-3-3σ in the presence and absence of FC-A was
measured using isothermal titration calorimetry (ITC) assay. In the absence of FC-A the
peptide was shown to bind 14-3-3σ with a Kd of 23.6 ± 2.2 μM (Figure 2.3 A).

Figure 2.3. ITC further confirms FC-A stabilization. p53-CTD 15mer peptide (pThr387, 1.0 mM syringe concentration)
was titrated to 14-3-3σ (0.10 mM) in the presence of: (A) DMSO control; (B) 1.0 mM FC-A. (C) ΔH and –TΔS
contributions to ΔG. DMSO was used at 1% v/v throughout. Data are representative of three replicates (see Figure
S2).
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In accordance with the FP data, the binding affinity was again enhanced in the presence of 1
mM of FC-A and the Kd value was reduced to 5.40 ± 0.84 μM (Figure 2.3 B). Although, the FCA induced stabilization effect measured in ITC assay was not as pronounced as that
determined by FP (4.5-fold stabilization in ITC compared to 8-fold stabilization in FP), the
values remain in the same order to magnitude. In addition, whilst the two experiments are
complimentary, the two Kds obtained for different lengths of peptides cannot be directly
compared. Control experiments showed no calorimetric changes when the same titrations
were performed in the absence of 14-3-3σ protein (Figure S2).
The ITC data also revealed that a more negative enthalpy change (ΔH) upon peptide binding
in the presence of FC-A is an important contributing factor to a more negative ΔG and thus
stabilization (–3657 cal/mol c.f. –2807 cal/mol in the control experiment; Figure 2.3 C).
Although the entropic contribution is significant in both cases (indicating the importance of
hydrophobic effects), there was no difference in the measured change in entropy (ΔS)
between experiments with or without FC-A (Figure 2.3 C). These observations indicate a
binding profile with more hydrogen bonding character in the ternary compared to binary
system and no change in disorder between the two complexes. Thus, the ITC and FP data
provide compelling evidence for FC-A-induced enhancement of the PPI.

Protein crystallography reveals paradoxical evidence
To gain structural explanation to biophysical observations, X-ray crystallography experiments
were performed. First, binary crystals of 14-3-3σ in complex with p53 CTD 12mer peptide
phosphporylated at Thr-387 that showed in-house diffraction to 1.8 Å resolution were
obtained. The electron density allowed the building of all 12 C-terminal amino acid residues
of the peptide, three more than has been previously reported (Figure 2.4 A). As expected,
the phosphorylated Thr-387 is seen to bind in the amphiphatic binding groove of 14-3-3
consisting of Lys-49, Arg-56, Arg-129 and Tyr-130. The other residues also show good
agreement with the previously reported structure. Importantly, Glu-388 is indeed oriented
into the ligand binding pocket.
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Figure 2.4. (A) Binary crystal structure showing a p53-CTD 12mer peptide (pThr387, colored according to atom with
red residue labels) bound to 14-3-3σ (grey with black residue labels). 5MOC: wwpdb.org. (B) Ternary crystal
structure showing a p53-CTD 12mer peptide (pThr387, colored according to atom with red residue labels) bound to
14-3-3σ (grey with black residue labels) and FC-A (black). 5MXO: wwpdb.org.

Although the three most C-terminal residues appear to be relatively flexible, as illustrated by
an average B-factor of 43.7 Å2 compared to 30.2 Å2 for the whole peptide, a key feature of
this novel binary structure is the clearly visible C-terminus forming a salt bridge with Arg-60
of the 14-3-3σ protein (Figure 2.4 A). A presence of the C-terminus in this structure and the
lack thereof in previously reported structure with 9-mer peptides is directly related to the
presence of Met-384 in the p53 peptide. The 9-mer structure lacks of Met-384 and Lys-382
of p53 causing Arg-60 of 14-3-3 to be flexible and adopt two conformations. In the structure
with 12mer peptide the alternative Arg-60 site of 14-3-3 is occupied by Met-384 and Lys-382
of the p53 peptide thus forcing Arg-60 to adopt a conformation that is pointing towards the
C-terminus of the peptide.
To study the structural basis for the observed stabilization of the 14-3-3σ – p53 PPI by FC-A,
the binary crystals of the complex were soaked with FC-A. The obtained crystals were
measured at a synchrotron (PETRA III, DESY, Hamburg, Germany) and yielded diffraction to
1.2 Å resolution. Although, 14-3-3 was observed in its expected fold and an additional
electron density consistent with binding to FC-A was present, a large part of the electron
density of the peptide was no longer observed. This allowed to build in only the key
phosphorylated Thr-387 and two N-terminal amino acid residues (Figure 2.4 B). As a result,
the C-terminus of the peptide is no longer visible and Arg-60 of the protein is again observed
to adopt two conformations. While some electron density is observed in the area where Glu388 is expected, it was not possible to build in any conformation of that amino acid probably
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due to the presence of multiple peptide conformations required to accommodate the
binding of FC-A. Reassuringly, a shift in helix 9 common to other FC-A containing 14-3-3
crystal structures is observed. The electron density in this region is difficult to interpret, but
it is clear that the shift is driven by Asp215 of 14-3-3 making polar contacts with FC-A which
is also consistent with previous crystal structures.

Conclusion
Although, FC-A is not a selective modulator of 14-3-3σ – p53 PPI and lacks the potency seen
in complexes with a ‘mode 3’ binding motif, it poses a highly valuable tool-compound for
further fragment screenings. Moreover, this chapter demonstrates the potential of PPI
stabilization as a strategy to develop novel anti-cancer treatments and provides useful
starting point for rational fragment design.
This study revealed a unique paradox in the context of 14-3-3 PPI stabilization. The results
reported in this chapter show a counter-intuitive relationship between biophysical and
crystallographic experimental data. Whilst the biophysical data clearly point to FC-A-induced
stabilization of the 14-3-3σ – p53 PPI, the crystal structure reveals a ternary structure with a
highly disordered peptide binding partner compared to the binary structure. Therefore,
solely based on the crystal structure it could be assumed that FC-A actually destabilizes the
PPI interface. However, this is not logical due to several reasons. First, the disorder observed
in the ternary structure is not reflected in the ΔS values obtained by ITC which are unchanged
between binary and ternary systems. Second, FC-A binding would not only need to
compensate for the loss of key enthalpic contacts between the C-terminus of the p53 peptide
and 14-3-3σ (as observed in the ternary structure) but also enhance the enthalpic
contribution to binding as shown by the ΔH values obtained by ITC. Furthermore, the
observed shift in helix 9 and polar contacts between FC-A and Asp-215 of 14-3-3 that are
common to other FC-A stabilized systems are still observed suggesting that the true
mechanism for stabilization is closely related to other previously reported systems. Such a
paradox might be explained by different behavior of the full length 14-3-3 construct used in
the biophysical experiments compared to the truncated 14-3-3ΔC construct used for
crystallization. To investigate this, an additional FP and ITC experiments with the truncated
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complex were performed (see Figure S3). The data showed that the there is no difference in
binding affinities between the truncated and full-length 14-3-3 protein and thus cannot be
the reason for the disconnection between biophysical and crystallographic data.
Another likely explanation is that the current crystal lattice does not allow the peptide to
occupy its preferred conformation in the presence of FC-A. This artefactual result of crystal
soaking means the current data is not an accurate description of the ternary complex in
solution. Such an artefact has not been previously reported as a limitation in the study of 143-3 proteins and further highlights the unique nature of the p53 binding motif. The data could
also suggest that in this case stabilization is predominantly the result of a FC-A induced
conformational change to 14-3-3 (i.e. the shift in helix 9) and that is common to other FC-A
stabilized systems. This allosteric rather than “molecular glue” mode-of-action does not
necessitate contact between FC-A and the p53 CTD peptide and thus might also explain the
apparent disorder observed in the ternary structure. Analysis of a ternary structure obtained
by co-crystallization could ultimately provide convincing evidence to back up one of these
theories. However, despite significant efforts, the co-crystallization attempts of the ternary
structure have not been successful. In conclusion, the results reported in this chapter provide
the first evidence that small-molecule stabilization of the p53 – 14-3-3 PPI is an interesting
drug-discovery strategy that now warrants an expansive search for more potent and PPIspecific compounds. Importantly, the findings also highlight the need for continued efforts
to fully characterize the structural basis for p53 binding to 14-3-3 and demonstrate the
viability of the stabilization approach in a cellular context.

Materials and methods
Peptide synthesis
Thr387 p53 CTD phosphopeptides were either obtained from commercial sources (TAMRA32mer and 12mer for crystallography) or prepared in-house by Fmoc solid phase peptide
synthesis (15mer). Peptide sequences and sources are summarized in Table 1.
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Table 1. Peptide sequences and sources.
Peptide
Sequence
12mer
H2N-KLMFK(pT)EGPDSD-COOH
15mer
H2N-RHKKLMFK(pT)EGPDSD-COOH
TAMRA-32mer
TAMRA-LC-SRAHSSHLKSKKGQSTSRHKKLMFK(pT)EGPDSD-COOH

Source
Caslo
In-house
Anaspec

14-3-3 expression and purification
His6-tagged 14-3-3σ protein (full-length and ΔC) was expressed in NiCo21(DE3) competent
cells with a pPROEX HTb plasmid and purified using Ni2+-affinity chromatography. The
proteins were dialyzed against FP or ITC buffer before usage. The ΔC variant for crystallization
was treated with TEV-protease to cleave off the His6-tag, followed by a second Ni2+-affinity
column and size exclusion chromatography.

Fluorescence polarization
Fluorescence polarization (FP) experiments were conducted in FP buffer (10 mM HEPES pH
7.5, 150 mM NaCl, 0.1% Tween20, 1.0 mg/mL BSA) using fixed concentrations of TAMRAlabelled 32mer peptide (10 nM) and DMSO (1% v/v) in Corning black, round-bottom, lowbinding 384-well plates. Plates were incubated at room temperature for 1 h before
measuring polarization with a Tecan Infinite F500 plate reader (excitation: 535 nm; emission:
590 nm). FP data was analyzed in Origin 2015 Sr2 and sigmoidal curves were fitted using the
Levenburg-Marquardt iteration algorithm.

Isothermal titration calorimetry
Isothermal titration calorimetry (ITC) experiments were conducted using a Malvern MicroCal
iTC200 instrument at 25 ˚C in ITC buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2,
0.50 mM TCEP). 15mer peptide (1.0 mM) was titrated (2 x 18 injections of 2 μL) to 14-3-3σ
(0.10 mM) in the cell. DMSO (1% v/v ± FC-A to a final concentration of 1.0 mM) was added
to both cell and titrant. Data from two titration series was merged using ConCat32 software.
Origin 7.0 software was used for data analysis by a non-linear least squares routine using a
single-site binding model with varying stoichiometry (N), association constant and molar
binding enthalpy (ΔH). The data presented are representative of three replicates. For full
experimental details and results see the Supporting Information.
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Protein crystallization and structure determination
Crystals of the binary complex of p53 and 14-3-3σ were grown by mixing 10 mg/mL 14-33σ∆C in a molar ratio of 1:1.5 with p53 12-mer C-terminal peptide in 20 mM HEPES pH 7.5,
2 mM MgCl2 and 2 mM BME and incubating overnight at 277 K. The formed complex was
then set up for crystallization by mixing 1:1 with 0.095 M HEPES pH 7.1, 26% PEG400, 0.19
M CaCl2 and 5% glycerol at 277K. Crystals grew within a week and were fished and directly
flash cooled in liquid nitrogen before measuring.
For soaking of the crystals a 10 mM solution of FC-A in ethanol (2.0 μL) was pipetted on a
crystallization plate and left to evaporate forming a thin FC-A layer. 2.0 μL of equilibrated
crystallization liquor was then pipetted on top of this layer and 14-3-3σ∆C/p53 12-mer
crystals were transferred into this new drop.
X-ray diffraction data was collected using an in-house Rigaku Micromax-003 sealed tube Xray source and a Dectris Pilatus 200K detector at 100K or at the DESY PETRAIII P11
synchrotron beamline. The data was indexed and integrated using iMosflm and scaled and
merged using Aimless. Phasing was done by molecular replacement using Phaser and 3LW1
(wwpdb.org) as a starting model and was followed by iterative rounds of refinement and
manual model building using Phenix.Refine and COOT respectively. Model validation was
performed using MolProbity prior to PDB submission.
14-3-3σ∆C/p53 12-mer CTD, 5MOC: wwpdb.org.
14-3-3σ∆C/p53 12-mer CTD/FC-A, 5MXO: wwpdb.org.
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Supporting information

Figure S1. Fluorescence polarization supporting information. (A) Single-shot fluorescence polarization screen
results. Ligands were screened at a final concentration of 100 μM against 14-3-3σ (10 μM) and TAMRA-p53-CTD
32mer peptide. (B) Single shot data represented as change in polarization value from the DMSO mean. (C) Structures
of the ligands screened, numbering corresponds to panels A and B. (D) Change in polarization upon titration of FCA to TAMRA-p53-CTD 32mer peptide. (E) Change in total fluorescence intensity upon titration of FC-A to TAMRAp53-CTD 32mer peptide. (F) Change in total fluorescence intensity upon titration of 14-3-3σ to FC-A and TAMRAp53-CTD 32mer peptide. (G) Change in total fluorescence intensity upon titration of FC-A to 14-3-3σ and TAMRAp53-CTD 32mer peptide.
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Figure S2. (A, B) Replicate ITC experiments where Experiment 1 is shown in Figure 2.3 (main text). Unlabeled p53CTD 15mer peptide was titrated to 14-3-3σ in the presence of: (A) DMSO control; (B) FC-A. (C) Control experiments
where p53 CTD 15mer peptide was titrated to buffer in the presence of DMSO or FC-A. DMSO was used at 1% v/v
throughout.
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Figure S3. Experiments performed with the 14-3-3σ ΔC construct. (A, B) ITC: Unlabeled p53-CTD 15mer peptide was
titrated to 14-3-3σ ΔC in the presence of: (A) DMSO control; (B) FC-A. (C) ΔH and –TΔS contributions to ΔG for each
ITC experiment. (D) FP: Titration of 14-3-3σ ΔC to FC-A and TAMRA-p53-CTD 32mer peptide. Apparent Kds: DMSO =
11.9 ± 1.3 μM; 0.1 mM FC-A = 5.3 ± 0.3 μM; 1.0 mM FC-A = 2.5 ± 0.1 μM. Data shown are mean ± SD of a single
experiment with readings recorded in triplicate. DMSO was used at 1% v/v throughout.
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Chemical Formula:
Exact Mass:
Molecular Weight:
m/z:
[M+2H]2+: 934.90; [M+3H]3+:

C77H126N23O27PS
1867.87
1869.02
1867.87 (100.0%), 1868.87 (83.3%), 1869.87 (34.2%)
623.62; [M+4H]4+: 467.97

Figure S4. LC-MS analysis of the 15mer peptide prepared by Fmoc solid phase peptide synthesis as described in the
Data S1.
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Table S1: Crystallography data and refinement statistics. 14-3-3σ∆C/p53 12-mer C-terminal domain.
PDB accession code

5MOC

5MXO

Structure contents

14-3-3σ/p53 peptide

14-3-3σ/p53 peptide/Fusicoccin-A

Wavelength (Å)

1.541870

0.97793

Cell dimensions a, b, c

(Å) a

81.91, 112.27, 62.42

82.69, 111.56, 62.69

Space group

C2221

C2221

Resolution (Å)a,b

25.60 – 1.80 (1.84 – 1.80)

45.59 – 1.20 (1.22 – 1.20)

153492 (5197)

1098123 (47329)

26817 (1440)

90414 (4389)

Measured

reflections a,b

Unique reflections a,b
Completeness

(%)a,b

99.1 (90.4)

99.9 (99.0)

Redundancy a,b

5.7 (3.6)

12.1 (10.8)

I/σ a,b

5.8 (1.3)

18.7 (1.8)

CC(1/2) a,b,c

0.982 (0.667)

0.999 (0.515)

Rmerge

a,b

0.188 (0.912)

0.056 (1.368)

Rwork

0.1666

0.1550

Rfree

0.2088

0.1822

Macromolecule atoms

2051

2088

Solvent atoms

390

302

Ligands/ions

2

50

Ramachandran favored (%)

98.68

98.60

Ramachandran allowed (%)

1.32

1.40

Ramachandran outliers (%)

0.00

0.00

RMSD Bond lengths (Å)

0.005

0.018

RMSD Bond angles (°)

0.72

1.54

Rotamer outliers (%)

0.00

0.43

Average B-factor

19.14

22.05

Macromolecules B-factor

16.55

20.17

Ligands/ions B-factor

15.15

25.19

Solvent B-factor

32.77

34.53

aData

as reported by Aimless version 0.5.27.21
for the outermost shell are shown in parentheses
cCC
22
(1/2) = Pearson's intra-dataset correlation coefficient, as described by Karplus and Diederichs.
bData
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Structural Characteristics of the 14-3-3σ – p53 ProteinProtein Interaction

Abstract
The interaction between the adapter protein 14-3-3σ and transcription factor p53 is
important for preserving the tumor-suppressor functions of p53 in the cell. A phosphorylated
motif within the C-terminal domain (CTD) of p53 is key for binding to the amphipathic groove
of 14-3-3. This motif is unique amongst 14-3-3 binding partners and the precise dynamics of
the interaction are not yet fully understood. This chapter aims to investigate this interaction
at the molecular level by analyzing the binding of different length p53 CTD peptides to 14-33σ using ITC, SPR, NMR and MD simulations. The results indicate that the propensity of the
p53 peptide to adopt turn-like conformation plays an important role in the binding to the 143-3σ protein.

This work has been published as: Kuusk, A., Neves, J.F., Bravo-Rodriguez, K., Gunnarsson, A.,
Ruiz-Blanco, Y.B., Ehrmann, M., Chen, H., Landrieu, I., Sanchez-Garcia, E., Boyd, H., Ottmann,
C., Doveston, R.G. Adoption of a Turn Conformation Drives the Binding Affinity of p53 CTerminal Domain Peptides to 14-3-3σ. ACS Chem Biol. 15, 262-271 (2020).
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Introduction
The tumor suppressor protein p53 plays an important role in the cellular response to DNA
damage.1,2 Activation of p53 upregulates genes involved in cell cycle arrest, DNA repair,
senescence and apoptosis.3,4 Mutations to p53 occur by several mechanisms and are
observed in 50% of all human cancers. These can lead to inactivation of p53 and tumor
growth.5,6 In the remaining cancers, p53 is not mutated but its activity is suppressed by other
mechanisms.1
14-3-3 proteins belong to a family of highly conserved adapter proteins present in all
eukaryotic cells.7,8 In mammals, seven isoforms with distinct sequence differences in discrete
regions have been described: β, γ, ε, ζ, η, τ and σ.9 14-3-3 proteins bind to phosphoserine
and phosphothreonine motif-containing proteins and regulate their sub-cellular localization,
enzymatic activity or interaction with other proteins.9,10 Of all the isoforms, 14-3-3σ has been
directly linked to tumor formation and is down-regulated in several types of malignancy
including breast, gastric, prostate, lung and ovarian cancers.11,12,13 14-3-3σ is a positive
regulator of p53; its overexpression inhibits the growth of oncogene-expressing cells in nude
mice and reduces the transformation and growth of breast cancer cells. 14,15 In response to
DNA damage, the C-terminal domain (CTD) of p53 becomes phosphorylated and interacts
with the amphipathic binding groove of 14-3-3 σ.14 This interaction protects p53 from
MDM2-mediated proteasomal degradation, resulting in a stabilization of p53 protein levels,
an increase in p53 transcriptional activity and cell cycle arrest. 14,15,16 Other 14-3-3 isoforms
interact with p53 to potentiate its transcriptional activity by facilitating p53 tetramerization
and thus DNA binding.16,17 Therefore, stabilization of the 14-3-3 – p53 protein-protein
interaction (PPI) has potential as a therapeutic strategy for cancer.
14-3-3 binds partner proteins containing recognition motifs that can be classified as mode 1
(RSXpSXP), mode 2 (RXF/YXpSXP) or mode 3 (pS/TX 1-2-COOH) (pS representing
phosphoserine, X representing any amino acid and –COOH the C-terminus).18,19 The
interaction of 14-3-3 with p53 involves phosphorylation of S378, S366 or T387 residues
within the CTD of p53, where T387 is most important.16,17 Crystallographic analysis has shown
that p53 binds to 14-3-3σ via a recognition motif that is different from the classical models.20
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The binary crystal structure of 14-3-3σ in complex with the CTD 9mer of p53 showed that
the glycine residue at position +2 of the phosphorylated threonine followed by a proline at
position +3 caused a kink in the peptide backbone, resulting in the peptide adopting a turn
conformation when bound to 14-3-3σ. The extreme C-terminus of the p53 peptide is
engaged in a salt-bridge with an arginine 60 of 14-3-3σ and consequently, it occupies only
around 2/3 of the 14-3-3σ peptide-binding channel. This creates an interface pocket that is
able to accommodate a small-molecule PPI stabilizer.20 In the previous chapter we
demonstrated that this pocket could be targeted with small molecules and showed that a
natural compound Fusicoccin-A acts as a stabilizer for the 14-3-3 – p53 PPI.
During our studies of the 14-3-3 - p53 PPI we observed that the length of peptide used to
mimic the p53 CTD had a significant and surprising effect on binding affinity. Here, we report
the results of a comprehensive study into the effect of p53 peptide length on binding to 143-3. The binding affinities of 9mer, 12mer, 14mer, 15mer, 20mer and 32mer p53 peptides,
with phosphorylation at T387, were determined using isothermal titration calorimetry (ITC)
and surface plasmon resonance (SPR) assays. The biophysical data demonstrated that the
15mer peptide binds the 14-3-3 protein considerably more tightly as compared to the 12mer
peptide, which did not show any binding affinity. This was surprising because the 12mer was
present in binary complexes successfully used for protein crystallography. Nuclear magnetic
resonance (NMR) analyses and molecular dynamics (MD) simulations were performed to
further provide a rationale for this observation. The analysis of these data indicates that the
binding affinities of the peptides are related to the disordered character of p53 and its
propensity to adopt a turn structure in its bound and unbound states. This finding is
important because of two reasons: First, in vitro protein-peptide binding assays are an
important screening tool and must provide a reliable indication of affinity – therefore any
potential for variability needs to be fully understood. Secondly, a precise molecular
understanding of a protein-peptide interaction is essential for the design of novel and
selective stabilizers that target interface pockets.
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Analysis of peptide binding affinity to 14-3-3 by ITC and SPR
ITC experiments were performed to measure the thermodynamic characteristics of the 143-3σ – p53 PPI and to compare the dissociation constants (Kd) of p53 peptides of different
lengths to 14-3-3σ. The thermodynamic parameters and Kds obtained for the phosphorylated
peptides of different length are summarized in Figure 3.1 and S1. This data revealed that
both 9mer and 12mer peptides do not show any detectable binding to the protein, while the
14mer peptide has a low affinity with a Kd = 120 µM. Binding of the 15mer, 20mer and 32mer
peptides to 14-3-3σ was characterized by Kds in the same order of magnitude: 25.7, 61.0 and
13.6 µM, respectively. The three additional positively charged amino acid residues (R379,
H380 and K381) at the N-terminus of the 15mer peptide thus have a significant positive effect
on the binding affinity to 14-3-3σ. Consideration of the thermodynamic parameters (ΔH, TΔS)
showed that binding of the lower affinity 14mer peptide is driven mainly by entropic
contributions (TΔS), likely associated with the formation of hydrophobic interactions upon
binding to 14-3-3σ (Figure 3.1 b). In contrast, the higher affinity peptides (15mer and 32mer)
bind to 14-3-3σ with a larger enthalpy contribution to the total free energy change. Indeed,
the deletion of R379 alone remarkably reduced the binding affinity of the 14mer peptide, to
a Kd of 120 µM, predominantly as a result of a decreased enthalpy contribution (ΔH). This
suggested the possibility that the interactions with the 15mer and 32mer involved an
increased contribution from hydrogen-bonding and/or electrostatic characteristics.
To confirm and further characterize the binding data obtained by ITC, a surface plasmon
resonance (SPR) assay was employed that measured binding of the peptides to 14-3-3ζ
protein covalently immobilized on the sensor surface. Kds measured by SPR were in a good
agreement with the values determined by ITC (Figure 3.1 a, c), confirming the ranking of
affinity with respect to peptide length and the positive effect of the R379 peptide residue on
the binding affinity to the protein.
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Figure 3.1. (a) Dissociation constants obtained by ITC and SPR. (b) Thermodynamic parameters obtained by ITC. (c)
SPR dose-response curves of 12mer, 14mer, 15mer, 20mer and 32mer peptides of p53. Data shown are
representative of three separate experiments.

NMR spectroscopy of the p53 peptide-14-3-3σΔC17 complexes
The Kd values linked to various lengths of p53 peptides could not be directly rationalized from
the crystal structure of 14-3-3σ with the 12-mer and it was not possible to obtain crystal
structures of 14-3-3σ complexes with any of the longer peptides. Therefore, an NMR analysis
of the complexes formed by 15N13C2H labeled C-terminally truncated 14-3-3σ (14-3-3σΔC17)
and p53 CTD peptides was initiated.
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Figure 3.2. Interaction of p53 peptides with 14-3-3σΔC17. Plot of the ratios of the bound (I)/free (I0) 1H-15N HSQC
correlation peak intensities of individual resonances corresponding to residues of the protein, remote from the
interaction site (a) or close to the interaction site (b), in the presence of 12mer, 14mer, 15mer, 20mer and 32mer.
(c) Enlarged region of overlaid 1H-15N HSQC spectra showing an individual resonance corresponding to residue E161
of 14-3-3σΔC17 in the presence of p53 peptides (d) Enlarged region of overlaid 1H-15N HSQC spectra showing an
individual resonance corresponding to residue F176. (e) Plot of the ratios of the bound (I)/free (I0) 1H-15N correlation
peak intensities of 14-3-3σΔC17 (y axis) versus the amino acid sequence (x axis) in the presence of 12mer, 14mer,
15mer, 20mer and 32mer. A total of 136 correlation peak intensities are shown. The x axis is not proportional. The
squared region of the plot best represents the gradual increase in broadening of specific resonances in 14-3-3σΔC17
spectra, induced by the series of peptides.
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2D 1H-15N HSQC spectra of 14-3-3σΔC17 were recorded in the presence and absence of each
p53 peptide in order to get further insights on the complex formation. The experiments were
performed for the 12mer, 14mer, 15mer, 20mer and 32mer, all at a molar stoichiometry of
1:2.5 for 14-3-3σΔC17:peptide. The intensities of the correlation peaks corresponding to
specific amino acid residues along the 14-3-3σΔC17 sequence (I) were monitored in NMR
spectra of 14-3-3σΔC17 in the presence of each peptide and compared to the intensities of
the same correlation peaks in the spectrum of 14-3-3σΔC17 alone (I0).
The addition of each p53 peptide led to peak broadening for a discrete number of resonances
in the spectra of 14-3-3σΔC17 (Figure 3.2, S2). The intensities of resonances corresponding
to amino acid residues remote from the peptide binding channel remained unaffected and
similar to the control spectrum (I/I0 ≈ 1) (Figure 3.2 a, c and S3). In contrast, the I/I0 ratio of
resonances corresponding to amino acid residues located in, or close, to the phosphoanchoring region of the amphipathic binding groove decreased (Figure 3.2 b, d and S3).
Figure 3.2 b illustrates that the magnitude of the decrease of the I/I0 ratio of the affected
peaks was different, depending on the added peptide. The I/I0 decrease was higher when
the protein was exposed to the 32mer, followed by the 15mer, the 20mer, the 14mer, and
finally by the 12mer. This series reversely correlates with the measured binding affinities,
with the lowest Kd for the 32mer inducing the highest decrease of intensity. This is not
unexpected as the magnitude of the broadening of correlation peak intensities, and
therefore the drop of the I/I0 ratio, is proportionally correlated with the amount of 14-33σΔC17 bound to peptide in solution during the acquisition period. In other words, the
comparison of the amplitude of resonance broadening among the spectra allowed to
establish a ranking that matched the ranking of K d values obtained by SPR and ITC (Kd
12mer>14mer>20mer>15mer>32mer). Therefore, these experiments confirmed that the
32mer is the peptide with the highest affinity to 14-3-3, followed by the 15mer, the 20mer,
the 14mer and the 12mer. In addition, the plots in Figure 3.2 e showed that I/I0 profiles
obtained by NMR are similar for all the peptides, establishing that the binding interface is
globally conserved. This result also suggested that extra-contacts that could be established
by the longer peptides with the protein when compared to the 12mer are unlikely sufficient
by themselves to explain the measured variation in the Kd. This observation indicated that
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the basis for the differences in the binding affinities may not rely only on the bound-peptide
in the complex, but also on the properties of the free-peptide.

NMR spectroscopic studies on the structure of 12mer and 15mer
Although the NMR interaction experiments confirmed the ranking of relative affinities
observed for the peptides by both ITC and SPR, they did not explain the differences in
affinities, as contact surfaces were not modified from one peptide to the other. As the
difference could not be found at the interface, it can be assumed that it could arise from the
conformational properties of the peptide itself, which could also affect the interaction. To
prove this hypothesis, a set of NMR experiments directed at the 12mer and 15mer free
peptides was performed. This would allow to investigate whether distinct conformational
propensity could be observed and potentially be linked to the differences in the binding
affinity to 14-3-3σΔC17. The recorded spectra, based on 1H and natural abundance of 15N or
13

C of the unlabeled peptides, enabled to obtain chemical shift assignments (Tables S1, S2).

The chemical shift values of 13Cα and 13Cβ were first used as an indication of the presence of
local secondary structure, as these values are linked to the dihedral angles of each aminoacid residue. Calculation of the Secondary Structure Propensity scores (Figure S4) showed a
tendency to adopt β-strand conformation (negative scores), although the chemical shift
values clearly indicated that both peptides had a dynamic disordered structure. The SSP score
profile along the sequence of the 12mer and 15mer peptides was found to be different - an
unexpected observation for short peptides with high dynamics that usually lead to averaging
of the NMR parameters. An additional NOESY spectrum was thus used to search for NOE
contacts between the atoms of the peptides in solution, indicative of spatial proximity (Figure
3.3 a) and potential local dynamic structuration. Interestingly, in both peptides, the presence
of three NOEs between protons of non-sequential residues confirmed that their structures
are not completely disordered (Figure 3.3 a). NOE cross-peaks could be observed between
the Hα of F385 and the HN of pT387, between the HN of pT387 and the HN of G389 and
finally between the Hα of G389 and the HN of D391 (Figure 3.3 a). This data suggested that
among the multiple conformations experienced by these predominately disordered peptides
in solution, there was formation of a dynamic turn, whose prevalence is however high
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enough to be detected by NMR. This NOE profile seemed well-correlated with the position
of these atoms in the crystal structure of 14-3-3σ in complex with the 12mer (Figure 3.3 b).
This fact suggested that in solution, a population of the peptides has a bended conformation
that involves residues pT387 to D391 and is compatible with the one observed in the binary
crystal structure of 14-3-3-p53pT387 (CTD 12mer) showed in the previous chapter (PDB ID:
5MHC). In addition, β-strand propensity is observed along the peptide sequence. This
conformational preference is in line with the distribution of charges across the sequence,
with four positive charges in the first N-terminal half matched by four negative charges in
the C-terminal half, including pT387, in the 15mer. The presence of the turn suggested that
electrostatic contribution allowed the peptide to fold on itself, forming a dynamic short βsheet. The 12mer, in contrast, lacks the three first positive charges, resulting in a charge
imbalance that could explain the observed smaller propensity to adopt the turn
conformation. Accordingly, the normalized intensities of the three medium range NOEs that
identify the turn were higher for the 15mer than for the 12mer (Figure 3.3 c), suggesting that
the population of this bended conformation in solution is higher on the 15mer than on the
12mer.
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Figure 3.3. Peptides adopt a conformation in solution that corresponds to the 14-3-3 binding conformation. (a) NOE
summary diagram for 15mer (and for 12mer in 100 mM Sodium Phosphate, 50 mM NaCl, pH 6.8 at 4°C. NOE
intensities were classified as strong (for sequential NOEs) and weak (for non-sequential NOEs) and are proportional
to bar thickness. Sections of NOESY spectra are presented in S5. (b) Detailed view of the amphipathic binding groove
of 14-3-3σ (white cartoon representation) in the presence of 12mer (yellow sticks representation) on the crystal
structure (PDB ID: 5MHC). The atoms involved on the mid-range NOEs are surrounded by a black circle and identified
on the structure. (c) Plot of the normalized intensities of the NOE correlation peaks for medium range NOEs (F385Hα/pT387-HN; pT387-HN/G391-HN; G391-Hα-D393-HN) for the 12mer and for the 15mer. The intensities of the
peaks are normalized to the intensity of the diagonal peak on the NOESY spectrum corresponding to the HN of
pT387. The most intense cross-peak for each medium-range NOE was used for the intensity calculation. Error bars
of I/I0 ratios were calculated based on the maximum noise estimate of each spectrum.

Energy profiles of p53 12mer and 15mer peptides binding to 14-3-3σ
To gain further insights into the dynamic behavior of the 12mer and 15mer peptides a series
of in silico biomolecular simulations were performed. First, the binding free energies of both
peptides to 14-3-3σ were calculated using extended-system adaptive biasing force (eABF)
calculations.21 The values for 12mer and 15mer binding respectively were found to be -6.6
and -8.7 kcal/mol and thus corroborate the trend in affinity obtained from the biophysical
52

Chapter 3
experiments. The lower binding affinity of the 12mer by 2 kcal/mol, with respect to the
15mer, is a reasonable value considering that the 15mer is a moderate binder (Kd = 25.7 µM).
In addition, the 12mer is capable of co-crystalizing with the protein, thus suggesting that the
12mer also binds 14-3-3σ.
In order to further investigate the differences in binding behavior between the 12mer and
15mer peptides the potential of mean force (PMF) required to dissociate the ligands from
the protein was calculated. The PMF values were obtained as a function of distance between
peptide and 14-3-3σ, where the protein-bound peptide conformation was retained
throughout (Figure 3.4 a, S6 and Table S3).

Figure 3.4. (a) Potential of mean force (PMF) showing the binding free energy contribution from pulling the peptides
away from the protein while constraining the geometries to the bound conformations. The PMFs are obtained as a
function of the distance between the center of masses of the protein and the peptides. The PMFs show that the
work needed to detach the 15mer is ~12 kcal/mol higher than the work for detaching the 12mer. This contribution,
combined with -10.1 kcal/mol to account for the conformational constraints of the 12mer and the 15mer (Table S3),
renders nearly 2 kcal/mol difference between the predicted affinities of the 12mer and the 15mer for 14-3-3σ. (b)
PMF profile for the conformational change between the bound-like and the extended conformation of the peptides.
The bound-like and extended conformations for the 12mer are shown below the RMSD axis. The backbone atoms
of residues colored in green (Kp386 to Dp391) are used for the calculation of the RMSD. (c) Conformations adopted
by the 12mer (red) and 15mer (blue) peptides during the MD simulations of the peptides with 14-3-3σ. The intrapeptide interaction between Kp386 and Dp391 in the 15mer contributes to stabilize the turn conformation.
Distances are in Å and 14-3-3σ is shown in grey.
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The difference between the PMF profiles shows that even when the binding interface of both
peptides is the same, the work needed to detach the 15mer peptide is 12 kcal/mol higher
than for the 12mer. The large free energy change, favoring the 15mer, is however partially
mitigated by the work needed to fix each peptide in its bound conformation when they are
transferred to the bulk solvent. This can be quantified by the free energy difference between
the conformational (and orientational) constraints (ΔGc) applied to both peptides in their
bound geometries, which is ΔΔGc = ΔGc12m - ΔGc15m = -10.1 kcal/mol. Thus, combining both
contributions the bound state geometry of the 15mer in solution is favored by about 2
kcal/mol over the 12mer. This is in very good agreement with the NMR data showing that, in
solution, the 15mer retains more population of its bound geometry than the 12mer.
The NMR experiments and the simulations of the 14-3-3σ - peptide complexes suggest that
the binding free energy of the peptides depends on the relative free energy content of the
bound-like peptide conformation in solution. Thus, the relative energetic content of the
peptide structures in water using the eABF formalism was studied.21 The root-mean-squaredeviation (RMSD) value of the backbone atoms of residues Kp386 to Dp391 was used as the
collective variable and the 14-3-3σ bound conformation was taken as the reference structure
(Figure 3.4 b). The sharp increase in the PMF at low RMSD values with respect to the boundlike conformation indicates a high energy content of these structures in the unbound state.
On the other hand, the analysis of the PMF in region above RMSD=1 evidence that there is
no significant free energy barrier among most of the peptide conformations in solution. This
observation supports the partly disordered nature of these peptides as also suggested by the
NMR studies.

Molecular dynamics (MD) simulations of the p53 peptide-14-3-3σΔC17
complexes
MD simulations of both the 12mer and the 15mer interacting with 14-3-3σ were performed
(three independent replicas of 250 ns each, for both systems). In agreement with the
calculated binding free energies, both the 12mer and the 15mer remain bound to 14-3-3σ
during the trajectories. Binding of the peptides to 14-3-3σ involves the formation of a loop
comprising residues Kp386 to Dp391 (peptide residues are identified with the subscript p and
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residues of 14-3-3σ with the σ subscript). This loop is conserved during the MD simulations
as indicated by the small RMSD values adopted by the backbone atoms of residues K p386 to
Dp391 (Figure S7). The simulations showed that the residues of 14-3-3σ in contact with the
peptides are similar in both cases (Figure S8), in agreement with the NMR observations.
Binding of both peptides to 14-3-3σ is mainly driven by the positioning of pTp387 in the
binding site. There, pTp387 establishes conserved salt bridges with residues Kσ49, Rσ56, Rσ129
and Yσ130. In addition, Ep388 forms a salt bridge with Kσ122 (Table S4) and Fp385 remains
docked in a small cavity formed by Vσ178, Yσ181 Eσ182, Lσ229 and Wσ230. This explains why
the I/I0 ratio for Lσ229 experiences the changes shown in Figure 3.2. However, the
simulations highlighted differences between the interaction profiles of the 12mer and 15mer
peptides. In the case of the 12mer peptide, two additional interactions with 14-3-3σ
(compared to the main interactions described above) are conserved for more than 50% of
the trajectories (Table S4). The interaction between Kp382 and Eσ182 is found in 78% of the
conformations and effectively restricts the movement of the N-terminus of the 12mer
peptide. The salt bridge between Kp386 and Dσ225 is found in 56% of the conformations.
Importantly, intra-peptide interactions are scarce for the 12mer. By contrast, the interaction
between Kp382 and Eσ182 is considerably less favored in the 15mer (Table S4). Furthermore,
Kp386 of the 15mer preferentially establishes an intra-peptide interaction with Dp391 instead
of the peptide-protein interaction with Dσ225 (Figure 3.4 c). This suggests that the
introduction of additional residues at the N-terminus of the 15mer allows a redistribution of
the network of interactions, increasing the propensity of the 15mer to adopt a turn
conformation. This difference in the network of interactions may explain the different
binding affinities of the peptides.

R379A and K386A p53 peptide mutations negatively impact on binding
affinity
In the biophysical experiments, Rp379 was shown to have a positive effect on the binding
affinity of p53 peptides. In the MD simulations Rp379 explores an area around the binding
cleft establishing contacts with Eσ182, Dσ225 and Tσ231. The populations of conformations
showing distances below 4 Å for the interaction of Rp379 with Eσ182, Dσ225 and Tσ231 are
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32%, 3% and 9%, respectively. In addition, an intra-peptide interaction between Rp379 and
Dp393 was found in 5% of the structures during the 15mer-14-3-3σ simulations. On the
contrary, the N-terminal Kp382 of the 12mer does not interact with Dp393. Thus, Rp379 is
likely important for both protein-peptide and intra-peptide interactions that lead to the
enhanced affinity of the 15mer peptide. To provide further experimental confirmation of
this, the binding affinities of 15mer peptides with mutations to these key residues (R p379A
and Kp386A) were determined by SPR. This data showed that the Rp379A and Kp386A
mutations led to a 48% and 25% decrease in binding affinity respectively (Figure 3.5). Thus,
the interaction network identified through NMR experiments and MD simulations is indeed
a crucial factor that determines the affinity of p53 peptides to 14-3-3σ.

Figure 3.5. SPR dose-response binding curves of 15mer (Kd = 31.0 µM), 15mer R379A (Kd = 46.0 µM) and 15mer
K386A (Kd = 38.8 µM) to surface-immobilized 14-3-3 protein. Alanine substitutions of R379 and K386 resulted in a
decrease in binding affinities. Data presented are mean of three separate experiments.

Conclusion
The study described in this chapter provides a detailed molecular and structural
characterization of the important 14-3-3σ – p53 PPI. The eABF calculations reproduce the
various experimental evidence of a higher binding affinity for the 15mer peptide and indicate
that this ligand has higher propensity to form a loop (residues K p386 to Dp391) with respect
to the 12mer. This conclusion is strengthened by NMR NOE data that suggests a higher
propensity of the 15mer to adopt a turn in the dynamic ensemble of its conformations. This
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conformational property allows a redistribution of the intra and inter-molecular interactions
of the 15mer peptide that drives binding to 14-3-3σ. This is an important factor behind the
apparently uncorrelated binding affinities of different lengths of p53 peptides as observed in
SPR and ITC. These results broaden our understanding of the 14-3-3 - p53 PPI and give
valuable insight at the molecular level of the interaction interface. This work reinforces the
notion that conformational properties of a ligand are important parameters to take into
account when designing peptidic probes for binding assays or indeed ligands to modulate
PPIs.

Materials and methods
14-3-3σ protein expression and purification
His6-tagged full-length 14-3-3σ protein for ITC and SPR was expressed in NiCo21 (DE3)
competent cells with a pProExHTb plasmid and purified using Ni+2 affinity chromatography
according to well established procedures. 14-3-3σ protein was dialyzed against ITC buffer (25
mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2, 0.5 mM TCEP) or a standard buffer (10 mM
HEPES pH 7.5, 150 mM NaCl, 0.1% Tween 20).
The 15N13C2H labeled 14-3-3σΔC17 protein for NMR studies was expressed in E. coli BL21
(DE3) cells transformed with a pProExHtb vector carrying the cDNA to express an Nterminally His6-tagged human 14-3-3σΔC17. A 20 mL pre-culture in Luria–Bertani (LB)
medium containing 100 mg/L ampicillin was grown overnight at 37°C and was used to
inoculate 1 L of deuterated M9 minimal medium supplemented with 2 g/L 13C62H7 Glucose,
1 g/L 15N Ammonium Chloride, 0.4 g/L Isogro

15 13 2

N C H Powder – Growth Medium (Sigma

Aldrich) and 100 mg/L ampicillin. The culture was grown at 37 °C to an OD600 of 0.9 and
induced with 0.5 mM isopropyl-β-D-thiogalactopyranoside (IPTG). Incubation was continued
for 15 h at 28 °C. Cells were harvested by centrifugation and the protein was then purified
by affinity chromatography using a Ni-NTA column (GE Healthcare). The N-terminal His6-tag
was then cleaved by the tobacco etch virus (TEV) protease for 2 hours at 20 °C, followed by
12 hours at 4 °C, while being dialyzed against 100 mM sodium phosphate and 50 mM NaCl,
pH 6.8 (NMR buffer). The molar ratio between 14-3-3σΔC17 and TEV protease was 50:1. The
14-3-3σΔC17 protein without His6-tag was collected in the flow-through of a Ni-NTA column,
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using NMR buffer for the elution, while the uncleaved fraction and the His6-tag peptide were
retained on the column.
Peptide synthesis and purification
p53 CTD T387 phosphorylated 9mer, 12mer, 14mer, 15mer and 20mer peptides of p53 were
synthesized by Fmoc solid phase chemistry using an Intavis MultiPep RSi peptide synthesizer
and purified using a preparative LC-MS on a reverse-phase C18 column (Atlantis T3 prep OBD,
5 µm, 150 x 19 mm, Waters). The purification was conducted using a 17-21% gradient of
acetonitrile in water (with 0.1% trifluoroacetic acid) over 12 min at 20 mL min-1. pT387 32mer
peptide was purchased from AnaSpec and 15mer R379A and K386A pT387 peptides were
purchased from GenScript. Peptide sequences are summarized in Table 1. LC-MS analysis for
12mer, 14mer, 15mer and 20mer peptides is provided in the SI.
Table 1. Peptide sequences
Peptide
Sequence
9mer
H2N -FK(pT)EGPDSD- COOH
12mer
H2N -KLMFK(pT)EGPDSD- COOH
14mer
H2N -HKKLMFK(pT)EGPDSD- COOH
15mer
H2N -RHKKLMFK(pT)EGPDSD- COOH
15mer R379A
H2N -AHKKLMFK(pT)EGPDSD- COOH
15mer K386A
H2N -RHKKLMFA(pT)EGPDSD- COOH
20mer
H2N -GQSTSRHKKLMFK(pT)EGPDSD- COOH
32mer
H2N -SRAHSSHLKSKKGQSTSRHKKLMFK(pT)EGPDSD- COOH

Isothermal titration calorimetry (ITC)
Isothermal titration calorimetry (ITC) experiments were performed using Malvern MicroCal
ITC200 and MicroCal Auto-iTC200 instruments. Binding experiments were carried out at 25
°C in ITC buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl 2, 0.5 mM TCEP). 1 mM
(12mer, 15mer, 20mer) or 2 mM (9mer, 14mer, 32mer) solutions of p53 peptide were
titrated into the sample cell containing 0.1 mM (12mer, 15mer, 20mer) or 0.05 mM (9mer,
14mer, 32mer) of 14-3-3σ. 1% v/v DMSO was added to both cell and titrant. The dissociation
constant (Kd), binding enthalpy (ΔH) and entropy (ΔS), Gibbs free energy (ΔG) and binding
stoichiometry (n) were calculated using nonlinear least square regression analysis with Origin
7.0.

58

Chapter 3
Surface plasmon resonance (SPR)
SPR experiments were performed using a Biacore 3000 optical biosensor equipped with
research-grade HC200 sensor chip (XanTec Bioanalytics). All measurements were carried out
at 25 °C at a flow rate of 20 µL/min. Immobilization of 14-3-3ζ protein was conducted in
sodium acetate buffer (pH 5) and peptide titration experiments in HBSP + buffer (0.01 M
HEPES pH 7.4, 0.2 M NaCl, 0.05% v/v Surfactant P20). The carboxylate groups on the surface
were activated with 1:1 mixture of 0.4 M N-ethyl-N′-(3-dimethylaminopropyl)-carbodiimide
(EDC) and 0.1 M N-hydroxysuccinimide (NHS). His6-tagged 14-3-3ζ (3 µM) was covalently
immobilized onto the activated surface with a density of 6000 RU (6 ng/mm2). Remaining
active groups were blocked by injection of 0.5 M ethanolamine in HBSP+ buffer. Experiments
with alanine-substituted peptides were performed using Biacore X100 machine.
Measurements were conducted at a flow rate of 10 µL/min. Binding of p53 peptides to 143-3ζ was measured by injecting 2-fold serial dilutions of peptide in the running buffer over
the sensor chip for 2 min followed by a dissociation of unbound peptide for 3 min.
Dissociation constants (Kd) were calculated with GraphPad Prism 7.02 Software using a
nonlinear regression analysis.
1

H-15N HSQC spectroscopy on 15N13C2H labeled 14-3-3σΔC17

1

H-15N TROSY-HSQC (Transverse Relaxation Optimized Spectroscopy- Heteronuclear Single

Quantum Coherence Spectroscopy) spectra were acquired in 3 mm tubes (sample volume
200 μL) using a 900 MHz Bruker Avance spectrometer, equipped with a cryoprobe. The
spectra were recorded with 3426 complex data points in the direct dimension and 128
complex data points in the indirect dimension, with 300 scans per increment, at 32 °C, in a
buffer containing 100 mM sodium phosphate, 50 mM NaCl, pH 6.8, 1 mM DTT, EDTA-free
protease inhibitor cocktail (Roche, Basel, Switzerland) and 10% (v/v) D2O. The experiments
were performed with samples containing 100 μM

15 13 2

N C H labeled 14-3-3σΔC17 in the

presence or in the absence of 250 μM p53 peptide. The experiments were performed on the
12mer, 14mer, 15mer, 20mer and 32mer peptides. The reference for the 1H chemical shift
was relative to trimethylsilyl propionate. Spectra were collected and processed with Topspin
4.0 (Bruker Biospin, Karlsruhe, Germany) and analyzed with Sparky 3.12 (T. D. Goddard and
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D. G. Kneller, SPARKY 3, University of California, San Francisco). The backbone resonance
assignments of 14-3-3σΔC17 are recorded in the Biological Magnetic Resonance Database
(http://www.bmrb.wisc.edu/) under the BMRB accession number 27563.22
NMR spectroscopy on 12mer and 15mer peptides
All 2D NMR spectra of natural abundance 12mer and 15mer peptides were acquired in a
buffer containing 100 mM sodium phosphate, 50 mM NaCl, pH 6.8 and 10% (v/v) D 2O at 4 °C
using a 600 MHz Bruker Avance I spectrometer equipped with a CPQCI cryoprobe. The
spectra were recorded in Shigemi NMR tubes at a peptide concentration of 2.25 mM and in
the absence of 14-3-3. The set of NMR experiments consisted of a 1H-15N HSQC (15N natural
abundance), a

1

H-13C HSQC (13C natural abundance), a TOCSY (Total Correlation

Spectroscopy) and a NOESY (Nuclear Overhauser Effect Spectroscopy). 1H-15N HSQC
experiments were recorded with 2048 complex data points in the direct dimension and 64
complex data points in the

15

N dimension with 300 scans per increment. 1H-13C HSQC

experiments were recorded with 1440 complex data points in the direct dimension and 128
complex data points in the 13C dimension with 32 scans per increment. TOCSY and NOESY
spectra were acquired with 8192 x 512 complex data points, with a recycle delay of 1s and
with 32 and 64 scans per increment, respectively. The mixing times were 69 ms for the TOCSY
and 400 ms for the NOESY experiments. The reference for the 1H chemical shift was relative
to trimethylsilyl propionate. Spectra were collected and processed with Topspin 3.5 (Bruker
Biospin, Karlsruhe, Germany) and analyzed with Sparky 3.12 (T. D. Goddard and D. G. Kneller,
SPARKY 3, University of California, San Francisco). The assignment of chemical shifts of
peptides reached a completeness of 88 % for the 12mer and 86 % for the 15mer concerning
the chemical shift values of

15

N, 1HN, 1Hα, 1Hβ,

13

Cα and

13

Cβ. The Secondary Structure

Propensity (SSP) scores23 were calculated for both peptides based on 13Cα and 13Cβ chemical
shift values. Random coil chemical shift values used for the calculation of the SSP score were
taken from RefDB database.24 The

13

Cα and

13

Cβ random coil chemical shift values for

phosphorylated threonine used for the calculation of the SSP scores were taken from
literature.25
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Computational details
The starting point for the molecular dynamics simulations (MD) was the crystal structure of
the complex between the p53 C-terminal 12mer pT387 phosphopeptide and 14-3-3σ
reported in Chapter 1 (PDB code: 5MHC). The 15mer phosphopeptide was also considered.
All missing residues in 14-3-3σ were built using the program Modeller 9.15.26 The 15mer
peptide was bound to 14-3-3σ similar to the 12mer. The phosphorylated threonine residue
was simulated with charge -2 in the phosphate group since the binding site in 14-3-3σ
contains several positively charged residues near the phosphate group. The systems were
placed in a water box with 20 Å distance between the protein and the walls of the box. The
TIP3P water model was used in all simulations.27 All systems were neutralized. MD
simulations were carried out in the NPT ensemble for 250 ns and three independent replicas
of each simulation were performed with CHARMM36m as force field.28 A time step of 2 fs
was employed. The cutoff used was 12 Å while the pair list distance was set to 13.5 Å. All
simulations were performed with NAMD 2.12.29 The analysis of the trajectories was
performed with VMD.30 The cutoff used for the analysis of the distances was 4 Å while for
the RMSD was 0.8 Å.
In the eABF21 calculations, default values for the force contacts and harmonic constraints
were used and the tool BFEE31 was employed for the setup and analysis of the calculations.
The ligand pulling contribution to the free energy was obtained by splitting the trajectory
into 10 windows, each covering an increment of 2 Å in the distance between the center of
masses of the protein and the peptide. The convergence analysis of the windows was carried
out by monitoring the norm of the PMF profiles at increasing trajectory times. The corrected
z-averaged restraint estimator (CZAR) was used to obtain all the PMFs for the binding free
energy analysis.32 To analyze the behavior in water of the two peptides, we divided the
collective variable in six equal windows of 0.5 Å and set the bin width to 0.1 Å. The collective
variable was the RMSD of the backbone atoms of residues Kp386 to Dp391 (Figure S9). Each
window was simulated for 20 ns (Figure S10). 100 samples were taken in each bin before
applying the force. The extended Lagrangian33 formalism was used and the final PMF was
obtained with the CZAR estimator.32
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Supporting information

Figure S1. ITC titration curves of 9mer, 12mer, 14mer, 15mer, 20mer and 32mer peptides of p53.
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Figure S2. 1H-15N TROSY-HSQC spectra of 15N13C2H labelled 14-3-3σΔC17 in the presence of p53 peptides. The
spectra of 100 µM 15N13C2H labelled 14-3-3σΔC17 alone is shown in A (in black). The spectra of 100 µM 15N13C2H
labelled 14-3-3σΔC17 in the presence of 250 µM of each of the p53 peptides are shown overlaid to the spectrum
of 100 µM 15N13C2H labelled 14-3-3σΔC17 alone (in black) in panels B (12mer, red spectrum); C (14mer, green
spectrum); D (15mer, blue spectrum); E (20mer, yellow spectrum) and F (32mer, grey spectrum).

63

Chapter 3

Figure S3. p53 peptides interact with 14-3-3 through the amphipathic binding groove. Mapping on the crystal
structure of 14-3-3σΔC17 in complex with 12mer (PDB ID: 5MHC) of the amino acid residues whose correspondent
correlation peak intensities were the most affected by the presence of 12mer. The 1-10 residues whose
correspondent correlation peak intensities were the most affected are colored in red, the 11-20 are colored in
brown and the 20-25 are colored in yellow. The results for 14mer, 15mer, 20mer and 32mer were identical.

Table S1. 15N, 1H and 13C NMR Chemical shift values of 12mer in 100 mM Sodium Phosphate, 50 mM NaCl, pH
6.8 at 4°C.
δ(15N) [ppm]
δ(1H) [ppm]
δ(13C) [ppm]
N
HN
Hα
Hβ
Cα
Cβ
K382
L383
125.2
8.798
4.317
1.478, 1.611
55.39
42.19
M384
122.2
8.560
4.447
1.923, 1.924
54.95
32.82
F385
121.5
8.351
4.633
2.982, 3.132
57.53
39.92
K386
123.9
8.335
4.350
1.729, 1.802
55.92
33.55
pT387
121.3
9.306
4.167
4.402
63.27
72.41
E388
125.4
8.857
4.342
1.966, 2.053
56.59
30.48
G389
110.9
8.467
4.079, 4.167
44.69
P390
4.450
1.974, 2.2267 63.21
32.32
D391
120.7
8.617
4.639
2.611, 2.748
54.45
41.04
S392
116.3
8.287
4.456
3.835, 3.890
58.25
64.27
D393
128.0
8.196
4.401
2.579, 2.672
56.10
41.98
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Table S2. 15N, 1H and 13C NMR Chemical shift values of 15mer in 100 mM Sodium Phosphate, 50 mM NaCl, pH
6.8 at 4°C.
δ(15N) [ppm]
δ(1H) [ppm]
δ(13C) [ppm]
N
HN
Hα
Hβ
Cα
Cβ
R379
H380
K381
124.3
8.766
4.260
1.734, 1.788
56.46*
33.17*
K382
123.7
8.671
4.257
1.753, 1.792
56.46*
33.17*
L383
124.1
8.494
4.292
1.484, 1.640
55.06
42.18
M384
120.7
8.379
4.402
1.913, 1.913
56.02
32.67
F385
120.8
8.294
4.622
2.987, 3.151
57.45
39.81
K386
123.1
8.258
4.343
1.732, 1.805
55.97
33.17
pT387
121.1
9.312
4.167
4.399
63.26
72.36
E388
125.2
8.864
4.347
1.963, 2.105
56.68
30.47
G389
110.7
8.464
4.112, 4.096
44.73
P390
4.448
2.213
63.20
32.28
D391
120.5
8.618
4.638
2.615, 2.748
54.44
41.01
S392
116.1
8.278
4.453
3.832, 3.892
58.20
64.19
D393
127.8
8.197
4.400
2.587, 2.676
55.01
41.98

Figure S4. SSP Scores of p53 peptides reveal a predominantly disordered structure with a small tendency to βstrand. The plots of SSP scores for the 12mer and 15mer are shown in A and B respectively. The bars represent the
chemical shift indexes (~ 1 for α-helix, ~ 0 for random coil, ~ -1 for β-strand). The SSP score for G389 was not
calculated since residues preceding a proline are usually outliers.
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Figure S5. NOE contacts in 12mer and 15mer. (a) Section of the NOESY spectrum of 12mer where it is possible to
see the HN-HN NOE peaks. Only the majoritarian forms are assigned. The medium-range NOEs are identified with a
green circle. (b) Section of the NOESY spectrum of 12mer where it is possible to see the HN-Hα NOE peaks. Only the
medium-range NOEs are assigned and are identified with a green circle. (c) Section of the NOESY spectrum of 15mer
where it is possible to see the HN-HN NOE peaks. Only the major forms are assigned. The medium-range NOEs are
identified with a green circle. (d) Section of the NOESY spectrum of 15mer where it is possible to see the HN-Hα
NOE peaks. Only the medium-range NOEs are assigned and are identified with a green circle.

Figure S6. Convergence analysis of the PMF profiles for the ten windows splitting along pulling trajectories of the
15mer (left) and 12mer (right). Each window covers 2Å of separation between the center of masses of the protein
and the peptides. The norms of the PMF profiles at different fractions of the simulations are used to monitor their
convergence. The norm values should remain steady once the convergence is achieved. It is observed that above
50% of the trajectory the variations of the PMF norms are in the order of 1 kcal/mol, thus the convergence of the
pulling PMFs are validated.
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Table S3. Different contributions to the final binding free energies of the 15mer and 12mer in kcal/mol.
15mer
12mer
Conformational constraint in bound state
-20.69
-8.96
Sum of orientation constraints in bound state
-0.98
-1.06
Ligand pulling contribution
-33.51
-21.35
Conformational constraint in unbound state
39.89
18.17
Orientation constraints in unbound state
6.61
6.61
Total binding free energy
-8.68
-6.59

Figure S7. RMSD values for the backbone atoms of residues Kp386 to Aspp391 during the MD simulations. The values
shown are the average of the three MD replicas performed with the 12mer and 15mer peptides bound to 14-3-3σ.
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Figure S8. Residue wise probability to find the peptide closer than 4 Å to 14-3-3σ residues. The values shown are
averaged over the three replicas of the MD simulations.
Table S4. Average distances (Å) for selected interactions. Population values are given for conformations in which
the corresponding distance takes values below 4.0 Å. The atoms used to measure the distances are given in the
name of the interaction as superscripts. Three independent replicas of the simulations are considered.
Interactions
Distances (Å)
Population (%)
12mer
15mer
12mer
15mer
14-3-3σ – Peptide interactions
Eσ182CD – Kp382NZ
4.4 ± 2.4
9.6 ± 5.0
78
28
Dσ225CG – Kp386NZ
5.9 ± 3.0
8.8 ± 3.0
56
20
Kσ122NZ – Ep388CD
3.6 ± 0.4
3.9 ± 0.7
97
87
Intra-peptide interactions
Kp386NZ – Dp391CG
7.0 ± 2.6
5.4 ± 2.9
28
62
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Figure S9. Structure of the bound conformation of the 12mer peptide. Atoms used to define the collective variable
used in the ABF calculations are highlighted as green spheres. Atoms involved in the important interaction between
Kp386NZ and Dp391CG are highlighted as pink spheres.

Figure S10. Time evolution of the PMF profiles for the 15mer (left) and 12mer (right). The PMF was plotted for a
simulated time of 8, 10, 12, 14, 16, 18 and 20 ns per window.

69

Chapter 3

References
1.
2.

3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.

17.

18.
19.
20.

70

Brown, C. J., Lain, S., Verma, C. S., Fersht, A. R. & Lane, D. P. Awakening guardian angels:
drugging the p53 pathway. Nat. Rev. Cancer 9, 862–873 (2009).
Liu, Y. p53 protein at the hub of cellular DNA damage response pathways through
sequence-specific and non-sequence-specific DNA binding. Carcinogenesis 22, 851–860
(2001).
Joerger, A. C. & Fersht, A. R. Structural Biology of the Tumor Suppressor p53. Annu. Rev.
Biochem. 77, 557–582 (2008).
Lakin, N. D. & Jackson, S. P. Regulation of p53 in response to DNA damage. Oncogene
18, 7644–7655 (1999).
Parrales, A. & Iwakuma, T. Targeting Oncogenic Mutant p53 for Cancer Therapy. Front.
Oncol. 5, (2015).
Ozaki, T. & Nakagawara, A. Role of p53 in Cell Death and Human Cancers. Cancers 3,
994–1013 (2011).
van Heusden, G. 14-3-3 Proteins: Regulators of numerous eukaryotic proteins. IUBMB
Life Int. Union Biochem. Mol. Biol. Life 57, 623–629 (2005).
Aitken, A. et al. 14-3-3 proteins: a highly conserved, widespread family of eukaryotic
proteins. Trends Biochem. Sci. 17, 498–501 (1992).
Obsil, T. & Obsilova, V. Structural basis of 14-3-3 protein functions. Semin. Cell Dev. Biol.
22, 663–672 (2011).
Mackintosh, C. Dynamic interactions between 14-3-3 proteins and phosphoproteins
regulate diverse cellular processes. Biochem. J. 381, 329–342 (2004).
Hermeking, H. The 14-3-3 cancer connection. Nat. Rev. Cancer 3, 931–943 (2003).
Li, Z., Liu, J.-Y. & Zhang, J.-T. 14-3-3sigma, the double-edged sword of human cancers.
Am. J. Transl. Res. 1, 326–340 (2009).
Dellambra, E. et al. Downregulation of 14-3-3σ Prevents Clonal Evolution and Leads to
Immortalization of Primary Human Keratinocytes. J. Cell Biol. 149, 1117–1130 (2000).
Yang, H.-Y., Wen, Y.-Y., Chen, C.-H., Lozano, G. & Lee, M.-H. 14-3-3 Positively Regulates
p53 and Suppresses Tumor Growth. Mol. Cell. Biol. 23, 7096–7107 (2003).
Lee, M.-H. & Lozano, G. Regulation of the p53-MDM2 pathway by 14-3-3 σ and other
proteins. Semin. Cancer Biol. 16, 225–234 (2006).
Rajagopalan, S., Sade, R. S., Townsley, F. M. & Fersht, A. R. Mechanistic differences in
the transcriptional activation of p53 by 14-3-3 isoforms. Nucleic Acids Res. 38, 893–906
(2010).
Rajagopalan, S., Jaulent, A. M., Wells, M., Veprintsev, D. B. & Fersht, A. R. 14-3-3
activation of DNA binding of p53 by enhancing its association into tetramers. Nucleic
Acids Res. 36, 5983–5991 (2008).
Yaffe, M. B. et al. The Structural Basis for 14-3-3:Phosphopeptide Binding Specificity. Cell
91, 961–971 (1997).
Coblitz, B., Wu, M., Shikano, S. & Li, M. C-terminal binding: An expanded repertoire and
function of 14-3-3 proteins. FEBS Lett. 580, 1531–1535 (2006).
Schumacher, B., Mondry, J., Thiel, P., Weyand, M. & Ottmann, C. Structure of the p53 Cterminus bound to 14-3-3: Implications for stabilization of the p53 tetramer. FEBS Lett.
584, 1443–1448 (2010).

Chapter 3
21. Darve, E., Rodríguez-Gómez, D. & Pohorille, A. Adaptive biasing force method for scalar
and vector free energy calculations. J Chem Phys 128, 144120 (2008).
22. Neves, J. F. et al. Backbone chemical shift assignments of human 14-3-3σ. Biomol. NMR
Assign. 13, 103–107 (2019).
23. Marsh, J. A., Singh, V. K., Jia, Z. & Forman-Kay, J. D. Sensitivity of secondary structure
propensities to sequence differences between α- and γ-synuclein: Implications for
fibrillation. Protein Sci. 15, 2795–2804 (2006).
24. Zhang, H., Neal, S. & Wishart, D. S. RefDB: A database of uniformly referenced protein
chemical shifts. J. Biomol. NMR 25, 173–195 (2003).
25. Bienkiewicz, E. A. & Lumb, K. J. Random-coil chemical shifts of phosphorylated amino
acids. J. Biomol. NMR 15, 203–206 (1999).
26. Eswar, N. et al. Comparative Protein Structure Modeling Using MODELLER. Curr. Protoc.
Protein Sci. 50, 2.9.1-2.9.31 (2007).
27. Jorgensen, W. L., Chandrasekhar, J., Madura, J. D., Impey, R. W. & Klein, M. L.
Comparison of simple potential functions for simulating liquid water. J. Chem. Phys. 79,
926–935 (1983).
28. Vanommeslaeghe, K. & MacKerell, A. D. CHARMM additive and polarizable force fields
for biophysics and computer-aided drug design. Biochim. Biophys. Acta BBA - Gen. Subj.
1850, 861–871 (2015).
29. Phillips, J. C. et al. Scalable molecular dynamics with NAMD. J. Comput. Chem. 26, 1781–
1802 (2005).
30. Humphrey, W., Dalke, A. & Schulten, K. VMD: Visual molecular dynamics. J. Mol. Graph.
14, 33–38 (1996).
31. Fu, H. et al. BFEE: A User-Friendly Graphical Interface Facilitating Absolute Binding FreeEnergy Calculations. J. Chem. Inf. Model. 58, 556–560 (2018).
32. Lesage, A., Lelièvre, T., Stoltz, G. & Hénin, J. Smoothed Biasing Forces Yield Unbiased
Free Energies with the Extended-System Adaptive Biasing Force Method. J. Phys. Chem.
B 121, 3676–3685 (2017).
33. Iannuzzi, M., Laio, A. & Parrinello, M. Efficient Exploration of Reactive Potential Energy
Surfaces Using Car-Parrinello Molecular Dynamics. Phys. Rev. Lett. 90, 238302 (2003).

Richard G. Doveston synthesized and purified the 9mer, 14mer, 15mer and 20mer peptides of p53
and helped to perform the ITC measurements. João F. Neves expressed and purified the 15N13C2H
labelled 14-3-3σΔC17 protein for NMR studies and performed all the NMR experiments under the
supervision of Isabelle Landrieu. Kenny Bravo-Rodriguez and Yasser Ruiz-Blanco conducted the MD
simulations under the supervision of Elsa Sanchez-Garcia. Anders Gunnarsson assisted with the SPR
measurements.

71

Chapter 4
Small-Molecule Modulation of 14-3-3 – p53 ProteinProtein Interaction

Abstract
Modulation of protein-protein interactions (PPIs) is a potential yet challenging area in drug
discovery. Although the majority of small-molecule PPI modulators are inhibitors,
stabilization of specific protein-protein interaction has several advantages over inhibition and
has emerged as a promising approach as illustrated by successful drugs rapamycin and
lenalidomide. This chapter studies the potential of fragment-based drug discovery in
targeting the interface of a well-known adapter protein 14-3-3 and proves that rational
fragment design can be used for identifying small-molecules that bind and modulate 14-3-3
interaction with the tumor suppressor protein p53. This study led to the identification of a
first small-molecule 14-3-3 – p53 PPI modulator which poses a great starting point for the
design and development of 14-3-3 – p53 PPI stabilizer.

Parts of this work has been submitted as: Guillory, X., Wolter, M., Leysen, S., Neves, J.F.,
Kuusk, A., Genet, S., Somsen, B., Morrow, J.K, Rivers, E., van Beek, L., Patel, J., Goodnow, R.,
Schoenherr, H., Fuller, N., Cao, Q., Doveston, R.G., Brunsveld, L., Arkin, M.R., Castaldi, P.,
Boyd, H., Landrieu, I., Chen, H., Ottmann, C. Fragment-based Differential Targeting of PPI
Stabilizer Interfaces. JMedChem., recently accepted.
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Introduction
Modulation of protein-protein interaction is one of the most promising areas in current drug
discovery.1 PPI modulation is often associated with PPI inhibition, disregarding the opposite
strategy of stabilizing PPIs. This is rather surprising given the fact that several natural
products and a growing number of synthetic compounds have been shown to stabilize
specific PPIs.2,3 Moreover, PPI stabilizers have several advantages such as their uncompetitive
nature and potential for higher specificity.4 Small-molecule stabilizers bind to the interface
of two interacting proteins that is structurally more variable compared to the active sites of
enzymes or ligand binding pockets of receptors.5,6 As a consequence, the potential to
develop small-molecules that selectively stabilize PPI might be higher than inhibitors that
only bind to one interacting protein partner. One of the most interesting targets for PPI
modulation is the adapter protein 14-3-3. 14-3-3 consists of a family of seven isoforms in
humans that interacts with several hundred partner proteins.7 It is involved in many
processes and regulates the activity of several disease-related proteins like C-Raf
(cancer)8,9,10, Tau (Alzheimer’s)11,12 and CFTR (cystic fibrosis).13,14
This study focused on modulating 14-3-3 interaction with p53. p53 is a tumor suppressor
protein that is involved in multiple cellular processes including DNA repair, transcription, cell
cycle control and apoptosis.15 It is mutated or inactivated in a majority of human cancer
making it an attractive target for anti-cancer drug development.16 14-3-3 proteins are
positive regulators of p53. Their binding to the C-terminal domain of p53 protects the tumor
suppressor protein from MDM2-dependent degradation thus preserving its important
activity in the cell.17 The discovery of small-molecules which could enhance the interaction
of p53 to 14-3-3 would be a significant strategic development in the search for new cancer
medicines.
The potential druggability of 14-3-3 proteins has been demonstrated by a class natural
compounds fusicoccanes. Fusicoccanes are diterpene glycosides that share a 5-8-5 ring
structure.18 The best-studied member of this compound family, Fusicoccin-A, has been
shown to activate a functionally important proton pump by stabilizing the interaction
between 14-3-3 and the C-terminus domain of plant plasma membrane ATPase.19 This

74

Chapter 4

proton pump creates the electrochemical gradient in the plasma membrane required for
nutrient uptake.20 Moreover, Fusicoccin-A has been demonstrated to stabilize 14-3-3
interaction with Estrogen receptor alpha (ERα) resulting in decreased cell proliferation in
breast cancer cells. Fusicoccin-A induced stabilization of 14-3-3 - ERα PPI has been shown to
interfere ERα dimerization that is essential for its activity.21 In addition, Fusicoccin has been
shown to enhance the PPI between 14-3-3 and cystic fibrosis transmembrane conductance
regulator (CFTR).14 Cystic fibrosis is a genetic disease that mainly affects the function of lungs
and is caused by mutations in a membrane protein CFTR.22 This results in mis-regulation of
anion transport across the plasma membrane that causes complication in several organs in
human body. Fusicoccin-induced stabilization of 14-3-3 – CFTR PPI increases the trafficking
of CFTR to the plasma membrane.14 Furthermore, it has been reported that the plant-growth
regulator Cotylenin A that is closely related to Fusicoccin, induced a differentiation in murine
and human myeloid leukemia cells.23 One possible mode of Cotylenin-A anti-cancer activity
may be conferred by stabilization of 14-3-3ζ – C-RAF protein-protein interaction. The ternary
crystal structure of Cotylenin-A in complex with 14-3-3ζ and C-RAFpS233pS259 peptide
revealed that Cotylenin-A bound to the interface composed of both the 14-3-3 protein and
C-RAF by establishing contacts with both partners.10
Although, fusicoccanes demonstrate the proof-of-principle of 14-3-3 protein-protein
stabilization, the further optimization of these compounds has proved to be synthetically
challenging. Therefore, a new approach for the development of small-molecule PPI
stabilizers would be highly valuable. Since traditional high-throughput screening (HTS) has
several limitations, alternative methods are needed. In this chapter we demonstrate
fragment-based screening as a new promising approach for identifying small-molecule PPI
stabilizers.

Identification of fragments that bind to 14-3-3 – p53 interface
A crystallography-based screen of fragment cocktails was employed for identifying fragments
that could be developed into PPI-stabilizers. Crystals of the binary 14-3-3/p53pT387 (12mer
CTD) complex were soaked with a solution of fragment mixtures from AstraZeneca fragment
library (100 cocktails of 5 each) at a final fragment concentration of 10 mM. As a result, two
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scaffolds that bound to the amphiphatic 14-3-3 binding pocket, were identified (Figure 4.1
A, C). Both scaffolds have an amidine group that creates a salt-bridge with the side-chain
carboxyl group of Glu-14 of 14-3-3σ protein. The planar aromatic ring sits in a binding pocket
composed of Glu-39, Asn-42 and Leu-43 of 14-3-3.

Figure 4.1. Identification of fragments binding to the interface of 14-3-3σ with p53. (A) Crystal structure of AZ-001
(yellow sticks) in complex with 14-3-3σ (white surface) and p53pT387 (orange sticks) PDB ID: 6S40. The final 2Fo-Fc
electron density maps are shown as blue mesh. (B) Detailed view of the binding pocket of AZ-001. The most
prominent interaction is a salt-bridge (dotted black line) between the amidine of AZ-001 and carboxyl group of E14
of 14-3-3σ. (C) Crystal structure of AZ-002 (yellow sticks) in complex with 14-3-3σ (white surface) and p53pT387
(orange sticks) PDB ID: 6RWI. The final 2Fo-Fc electron density maps are show as blue mesh. (D) Detailed view of
the binding pocket of AZ-002. Also with AZ-002, the most prominent interaction is a salt-bridge (dotted black line)
between the amidine of AZ-002 and carboxyl group of E14 of 14-3-3σ.

Fragment AZ-001 is observed to adopt two conformations with the chloride substituent
either directed towards or away from the peptide (Figure 4.1 A, B) . The other fragment, AZ002, adopts a more rigid conformation with the benzyl substituent of the thiophene ring
pointing away from the peptide-binding channel of 14-3-3 (Figure 4.1 C, D). Therefore, a
rational fragment design is needed to identify small-molecules that occupy the 14-3-3
binding channel and make contacts with the p53 peptide.
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Preliminary fragment extension
p53 has a unique binding mode that has to be taken into consideration when designing
fragments that specifically bind to 14-3-3/p53 complex. Gly-389 and Pro-390 in the Cterminal domain of p53 cause the peptide to bind to 14-3-3 in a bent conformation and
thereby occupy only 2/3 of the binding groove. In addition, the entire protein ends three
amino acids further from Pro-390 with Asp-391, Ser-392 and Asp-393 where both the side
chain of aspartate and the free C-terminus form a salt bridge with the guanidinium group of
Arg-60 of 14-3-3. With these requirements in mind, the AstraZeneca library was searched
for new benzothiophene and 4-phenylthiophene-based fragments that bind to the 14-3-3
- p53 PPI interface.
AZ-003 presents one of the first starting points of rationally designed benzothiophene-based
fragments. Docking studies of AZ-003 predicted that the terminal amine of the 1,2diaminoethyl side chain of the fragment could establish a hydrogen bond and a salt bridge
with the carboxylic acid of Glu-388 of p53 peptide. A ternary crystal structure of 14-33σ/p53pT387/AZ-003 revealed that the nitrogen-bearing side-chain of the core scaffold
reached into the water network between 14-3-3 and p53 but did not establish direct
interactions with the peptide (Figure 4.2 A). One possible explanation to this behavior is that
the 1,2-diaminoethyl side chain is flexible and the entropic penalty to displace these water
molecules might be too high. Therefore, fragments bearing more rigid nitrogen-rich
heterocycles were selected for further testing. Crystal structures of AZ-004, AZ-005 and AZ006 in complex with 14-3-3/p53pT387 showed a common trend to adopt an inverse bound
conformation where the cyclic side-chain sits on top of the hydrophobic part of Glu-39 of 143-3 and points away from the peptide binding groove (Figure 4.2 B, C, D).
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Figure 4.2. Crystal structures of preliminary benzothiophene-based fragments. Ternary crystal structures of 14-33/p53pT387 in complex with AZ-003 (A), AZ-004 (B), AZ-005 (C) and AZ-006 (D).

To discover the potential of phenylthiophene-based fragments AZ-007, AZ-008 and AZ-009,
structural analogues of AZ-002, were tested. The fragments were observed to bind to 14-33 but none of the analogues made contacts with the peptide (Figure 4.3 A, B, C). Further
rational fragment design led to AZ-010 and AZ-011. These structurally similar fragments
differ only by an additional nitrogen atom introduced to AZ-011 in order to lower
hydrophobicity. Both fragments showed a tendency to adopt both normal and flipped
orientations in the peptide binding groove (Figure 4.3 D, E). Introduction of a primary amine
to the meta position the aniline group of AZ-011 led to AZ-012. The goal of this modification
was to restore the desired fragment binding orientation by introducing a polar amino group
that could reach into the water network between the fragment and p53 peptide as observed
with AZ-003. Unfortunately, AZ-012 proved to bind in the same manner as AZ-011 (Figure
4.3 F). This indicated that both fragments shared a similar binding pattern where
hydrophobic substituents such as aromatic rings prefer to sit on top of the carbon-rich
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hydrophobic part of 14-3-3 rather than bridge the water-rich binding groove towards the
p53 peptide. Based on this observation, additional approaches were applied for
phenylthiophene and benzothiophene-based fragments.

Figure 4.3. Preliminary crystal structures of phenylthiophene-based fragments. A crystal structure of 14-33/p53pT387 in complex with AZ-007 (A), AZ-008 (B), AZ-009 (C), AZ-010 (D), AZ-011 (E) and AZ-012 (F).
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In the case of phenylthiophene-based fragments, polar and flexible substitutions on position
C5 that would be less prone to interacting with the hydrophobic part of Glu-39 were
introduced. This would allow the C4 phenyl ring to sit in the shallow hydrophobic groove and
have the substituent on C5 directed towards Gly-388 of the p53 peptide. To this end, the
benzyl group of AZ-010 was replaced by n-propylamine and piperidine groups, yielding AZ013 and AZ-014 respectively. Crystal structures of AZ-013 and AZ-014 in complex with 14-33/p53pT389 showed that the desired orientation was in principle achieved (Figure 4.4 A, B).
However, the piperidine and n-propylamine side-chains were shown to establish a salt-bridge
with the Asp-215 of 14-3-3 instead of making contacts with Glu-388 of p53. In the follow-up
modification, the piperidine group was replaced by a smaller and polar 1,3-imidazole ring
which led to AZ-015. Soaking of AZ-015 with the binary crystals of 14-3-3/p53pT387
confirmed that the fragment binds in a desired orientation (Figure 4.4 C). Having a better
understanding of the binding mode of phenylthiophene-based fragments, the imidazole ring
was functionalized with an ethanamine chain leading to AZ-016 and AZ-017. Crystal
structures of AZ-016 and AZ-017 in complex with 14-3-3/p53pT387 revealed that both
fragments obtain an expected orientation but do not establish contacts with the peptide
(Figure 4.4 D, E). Although the electron density around the ethanamine side-chain of AZ-016
is not optimal, the terminal amine seems to be positioned in a way that allows to form an
interaction with Asp-215 of 14-3-3, similarly to what was observed with AZ-013 and AZ-014.
Regarding AZ-017, the short length of the ethanolamine substitution makes it impossible to
establish contacts with Asp-215 and was thus predicted to only interact with Asn-42 of 14-33 and/or Glu-388 of p53 peptide. Surprisingly, the electron density showed that the flexible
ethanolamine side chain points upwards into the solution making neither of the predicted
interactions possible (Figure 4.4 E).
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Figure 4.4. Crystal structures of modified phenylthiophene-based fragments. Ternary crystal structures of 14-33/p53pT387 and AZ-013 (A), AZ-014 (B), AZ-015 (C), AZ-016 (D) and AZ-017 (E).

Due to the absence of hydrophobic side group, a different approach was employed with the
extension of benzothiophene-based fragments. A decoy hydrophobic group was added to C7
in order to direct the fragment to a desired orientation and extend the scaffold on C4 towards
the p53 peptide. Fragments AZ-018 and AZ-019 bearing a methoxy group on the C7 position
were the first examples of this strategy. A crystal structure of AZ-018 in complex with 14-381
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3σ/p53pT387 revealed that the fragment adopts two conformations with equally good
electron densities (Figure 4.5 A). Adding a flexible amine-terminated chain on C4 that was
predicted to interact with Glu-388 led solely to the inverse bound structure as seen in the
ternary crystal structure of AZ-019/14-3-3/p53pT387 (Figure 4.5 B). In order to obtain a
desired binding orientation of the benzothiophene-based fragments, the methoxy group was
replaced by an isopropyloxy group. The rational explanation to this modification was to
obtain higher hydrophobicity and to increase the likelihood of directing the fragment to sit
on top of the hydrophobic part of Glu-39 of 14-3-3. The first two fragments, AZ-020 and
AZ-021, soaked with binary crystals proved the success of this substitution (Figure 4.5 C, D).
Having a better control on the binding orientation of the benzothiophene-based fragments,
the flexible amine-terminated side-chain of AZ-019 and isopropyloxy group substitution were
combined leading to the identification of AZ-022 (Figure 4.6 A).

Figure 4.5. Crystal structures of modified benzothiophene-based fragments. Ternary crystal structures of 14-33/p53pT387 and AZ-018 (A), AZ-019 (B), AZ-020 (C) and AZ-021 (D).
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AZ-022 binds to and modulates the 14-3-3σ/p53pT387 PPI
Similarly to all other fragments, AZ-022 was soaked with crystals of the 14-3-3/p53pT387
complex but surprisingly no additional electron density was observed. Extensive attempts to
co-crystallize AZ-022 with 14-3-3/p53pT387 did not yield successful crystallization
conditions. Therefore, a WaterLOGSY NMR experiment was performed to detect the
potential interactions. Positive 1H signals of AZ-022 in the WaterLOGSY spectrum in the
presence of 14-3-3/p53 complex and 14-3-3 alone confirmed the interaction (Figure S1).
To further characterize the binding, two-dimensional NMR spectrum (1H-15N TROSY-HSQC)
of 15N2H labeled 14-3-3σ was recorded. The resonances in this spectrum are sensitive to the
chemical environment of corresponding residues and a fragment-induced change in
resonance chemical shift value and/or intensity indicates a binding event.24 In addition,
chemical shift assignments of 14-3-3 that allow to link resonances in the spectrum to a
specific amino acid residue in the 14-3-3 sequence were performed. A chemical shift and
hence a detectable broadening and a decrease in intensity of a few resonances in the 1H-15N
2D spectrum of the protein was observed upon the addition of AZ-022 to 14-3-3 and 14-33 – p53pT387 complex (Figure 4.6 D and S2). The fragment was shown to mainly affect Arg41, Asn-42, Glu-115 and Phe-119. No variation in the affected residues in the presence of the
peptide was observed which indicates that AZ-022 binds in the same binding groove both in
the presence and absence of p53 peptide. Visualization of the fragment-induced amino acid
perturbations allowed the identification of a small-molecule binding site which matches the
binding site of AZ-001 and AZ-002 detected by X-ray crystallography (Figure 4.6 C). In
addition, the docking pose of AZ-022 predicted the fragment to bind in the same pocket with
the terminal amino group making contacts with the carboxyl group of Glu-388 of p53 peptide
(Figure 4.6 B). The extent of the intensity decrease of specific resonance in the 2D NMR
spectrum of the protein is the presence of the fragment corresponds to the amount of
complex formed in the solution. The protein spectrum showed that the intensity of
resonances corresponding to amino acid residues that are located in a close proximity to the
p53pT387 binding site (Val-134, Lys-141, Phe-176 and Leu-229) decreased upon the addition
of AZ-022 to a solution containing the 14-3-3σ/p53pT387 complex (Figure 4.6 E, F).
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Figure 4.6. AZ-022 binds to the 14-3-3σ/p53pT387 complex. (A) Structure of AZ-022. (B) Docking of AZ-022 (yellow
sticks) bound to the 14-3-3σ (white sticks) in complex with p53pT387 (orange sticks). (C) Mapping on the crystal
structure of 14-3-3σ (PDB ID: 1YZ5) of the amino acid residues corresponding to the most affected resonances by
the presence of AZ-022. Residues whose corresponding correlation peak intensities were the most affected are
colored in red and an additional 5-8 are colored in brown. (D) Plot of the intensity ratios I/I0 (y-axis) of corresponding
1H-15N correlation peaks in the 2D 14-3-3σΔC17 spectra of, in red: the peptide-bound 14-3-3σΔC17 (I) and free 143-3σ (I0), and in blue: corresponding to the peptide and fragment-bound 14-3-3σ (I) and free 14-3-3σ (I0) protein.
(C,D) Plot of the ratios of the bound (I)/free (I0) 1H-15N TROSY-HSQC correlation peak intensities of individual
resonances corresponding to residues of 14-3-3σ, remote from the interaction site (C) or close to the p53pT387
interaction site of (D), in the presence of p53pT387 (in red) and 14-3-3σ in the simultaneous presence of p53pT387
and AZ-022 (in blue).
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These results thus indicate that the amount of protein-peptide complex increased upon the
addition of the fragment and AZ-022 has a stabilizing effect on the complex.
In order to further evaluate the fragment-induced modulation of the 14-3-3 - p53 PPI
complex, follow up fluorescence polarization (FP) and surface plasmon resonance (SPR)
experiments were conducted. Figure 4.7 A and B show a dose-response FP titration of AZ022 to a fixed concentration of fluorescent labelled p53pT387 peptide (32mer CTD) in the
presence and absence of 14-3-3. DMSO was used as a blank and Fusicoccin-A (FC-A) as a
positive control.

Figure 4.7. Fluorescence polarization (FP) and surface plasmon resonance (SPR) assays conforming AZ-022 induced
modulation. (A) Titration of AZ-022 to a fixed concentration of fluorescently labelled p53pT387 peptide and 14-33σ. DMSO was used as a control and Fusicoccin-A (FC-A) as a positive control. Shown are average and standard
deviation of three independent experiments. (B) Titration of AZ-022 to a fixed concentration of fluorescently labelled
p53pT387 peptide. DMSO was used as a control and Fusicoccin-A (FC-A) as a positive control. Shown are average
and standard deviation of three independent experiments. (C) Titration of 14-3-3σ to a fluorescently labelled
p53pT387 peptide in the absence and presence of 1 mM of AZ-022. Shown are average and standard deviation of
three independent experiments. (D) SPR measurement of 14-3-3σ binding to immobilized p53pT387 peptide in the
absence and presence of 1 mM AZ-022. Shown are average and standard deviation of three independent
experiments.
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AZ-022 was calculated to bind to 14-3-3/p53pT387 complex with a Kd of 368 μM. No binding
was observed in the absence of the protein. The follow-up titration of 14-3-3 to a fixed
concentration of fluorescent labelled p53pT387 peptide and AZ-022 led to 2-fold decrease
in the dissociation constant Kd compared to the DMSO control (Figure 4.7 C). Moreover, SPR
titration of the protein over the surface immobilized p53pT387 (32mer CTD) peptide in the
presence of the fragment further confirmed the fragment-induced effect observed in FP
assay (Figure 4.7 D). The results indicate that AZ-022 modulates the 14-3-3 – p53 PPI and
could serve a first starting point for the development of a small-molecule stabilizer.

Conclusion
Despite the challenges of targeting disease-related protein-protein interaction is has become
an attractive approach in drug design. The modulation of protein-protein interactions is often
recognized as ligand induced inhibition of protein complexes, despite the fact that the
opposite strategy of stabilizing protein-protein interactions would pose several advantages.
PPI stabilizers do not compete with another ligand for the binding site and have a potential
to reach higher specificity. Several examples of PPI stabilizers have been reported in the
literature including rapamycin, fusicoccin, thalidomide and its derivatives such as
lenalidomide and FK506.3,25 Lenalidomide binds to an E3 ubiquitin ligase complex and
induces the proteasomal degradation of disease-related proteins.26 Lenalidomide (trade
name Revlimid) was the second highest selling drug in oncology in 2018.27 One of the most
recent success in drug discovery is the PROTAC technology. PROTAC technology utilizes
heterobifunctional molecules that consist of two ligands that are connected with a linker.
One ligand binds to the target protein and the other one interacts with the E3-ubiquitin
ligase. The resulting ternary complex facilitates the ubiquitination and thus degradation of
disease related proteins by the proteasome.28 In this chapter we demonstrated the potential
of fragment-based screening for identifying and designing small-molecule PPI stabilizers. An
extensive structure-based study led to the identification of AZ-022, the first reported smallmolecule modulator of 14-3-3σ – p53 PPI.
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Materials and methods
Peptides
TAMRA labeled 32-mer p53 peptide and acetylated 12-mer p53 were commercially
synthesized by Anaspec and Caslo, respectively.
14-3-3 expression
His6-tagged 14-3-3σ full-length and ΔC (truncated after T231; for crystallography) were
expressed in BL21(DE3) competent cells with a pPROEX HTb plasmid and purified with a
nickel column. The His6-tag was cleaved off using TEV protease, and a second purification
was performed by size-exclusion chromatography (Superdex75). The proteins were dialyzed
against FP or crystallization buffers before use. For the SPR measurements His 6-tagged
protein was used.
Production of 15N2H labeled 14-3-3σΔC for NMR spectroscopy
The 15N2H labeled 14-3-3σ (ΔC, cleaved after T231) for NMR studies was expressed in E. coli
BL21 (DE3) cells transformed with a pProExHtb vector carrying the cDNA to express an Nterminally His6-tagged human 14-3-3σ. Briefly, the cells were grown in 1 L of deuterated M9
minimal medium supplemented with 2 g/L 12C62H7 Glucose, 1 g/L 15N Ammonium Chloride,
0.4 g/L Isogro 15N12C2H Powder – Growth Medium (Sigma Aldrich) and 100 µg/mL ampicillin
and the recombinant protein was then purified by affinity chromatography using a Ni-NTA
column (GE Healthcare). The His6-tag was further cleaved by the TEV protease and the
protein was further dialyzed overnight at 4°C against NMR buffer (100 mM Sodium
Phosphate, pH 6.8, 50 mM NaCl), concentrated, aliquoted, flash frozen and stored at -80°C.
Crystallography
14-3-3σΔC/p53pT387 crystals: 14-3-3σΔc and acetylated p53pT387 peptide, both in
crystallization buffer (25 mM HEPES pH 7.5, 100 mM NaCl, 10 mM MgCl2 and 2 mM βmercaptoethanol), were combined in a 1:2 14-3-3σΔc/TAZ molar ratio with a final protein
concentration of 12 mg/mL. After overnight complexation, hanging-drop crystallization wells
were set-up using a 1:1 ratio of precipitation buffer (0.1 M HEPES pH 7.5, 0.2 M CaCl2, 5%
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glycerol, 2 mM β-mercaptoethanol and 28% PEG400) and complexation mixture for a total
drop volume of 2 µL. Crystals were grown within 10 days at 4°C.
Fragment soaking was performed on crystals of 10 days and older by adding 0.2 μL of a 100
mM stock solution in dimethyl sulfoxide to the 2 µL drop for a final concentration of 20 mM.
Crystals were fished after a minimum of 2 days and flash-cooled in liquid nitrogen. Data sets
were collected either on an in-house Rigaku Micromax-003 (Rigaku Europe, Kemsing
Sevenoaks, UK) sealed tube X-ray source and a Dectris Pilatus 200K detector (DECTRIS Ltd.,
Baden-Daettwil, Switzerland) or at the DESY PETRA III synchrotron beamline P11 (DESY,
Hamburg, Germany). All datasets were indexed, integrated and scaled using either iMosflm
or DIALS followed by AIMLESS. Phasing was performed using molecular replacement in
Molrep using PDB ID 5MHC (14-3-3σ/p53) as search model. Phaser, Coot and phenix.refine
were thereafter used in alternating cycles of model building and refinement.
15

N-1H TROSY-HSQC NMR spectroscopy

1

H-15N TROSY-HSQC (Transverse Relaxation Optimized Spectroscopy- Heteronuclear Single

Quantum Coherence Spectroscopy) spectra were acquired in 3 mm tubes (sample volume
200 μL) using a 900 MHz Bruker Avance Neo spectrometer, equipped with a cryoprobe. The
spectra were recorded at 32 °C, in a buffer containing 100 mM sodium phosphate, 50 mM
NaCl, pH 6.8, 4% (v/v) DMSO-d6, 1 mM DTT, EDTA-free protease inhibitor cocktail (Roche,
Basel, Switzerland) and 10% (v/v) D2O. The experiments were recorded with 3072 complex
data points in the direct dimension and 128 complex data points in the indirect dimension,
with 184 scans per increment. For the evaluation of the binding of AZ-022 to the 14-3-3σ/p53
complex, spectra of 15N2H labeled 14-3-3σΔC 100 µM were recorded in the presence and
absence of 2000 µM AZ-022, 500 µM p53pT387 peptide, and simultaneously 500 µM
p53pT387 peptide and 2000 µM AZ-022. Assignments of the backbone resonances of 15N2H
labeled 14-3-3σΔC were previously reported.24 A 1H spectrum with water-suppression was
additionally recorded for each sample for monitoring the peptide signals. The reference for
the 1H chemical shift was relative to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) while
15

N chemical shift values were referenced indirectly. Spectra were collected and processed

with Topspin 4.0 (Bruker Biospin, Karlsruhe, Germany) and analyzed with Sparky 3.12 (T. D.
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Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco). CSPs verified as
chemical shift positions (in ppm) on the 1H-15N TROSY-HSQC were calculated using the
following equation: Δ𝛿 = √Δ𝛿(1 𝐻)2 + [0.14 ∗ Δ𝛿(15 𝑁)2 ]
WaterLOGSY NMR experiments.
WaterLOGSY spectra were acquired in 5 mm tubes (sample volume 530 µL) using a 600 MHz
Bruker Avance I spectrometer equipped with a CPQCI cryogenic probe. The spectra were
recorded with 32768 complex data points, with 1024 scans per increment and with a mixing
time of 1.7s (acquisition time of 94 minutes). The spectra were acquired at 16 °C, in a buffer
containing 100 mM sodium phosphate, 50 mM NaCl, pH 6.8 and 10% (v/v) D 2O. The final
concentration of DMSO-d6 was 2% (v/v) and was kept constant for all the experiments. For
the evaluation of the binding of AZ-022 to the 14-3-3σ/p53 complex, WaterLOGSY spectra
were recorded on solutions containing 14-3-3σ 25 µM in the presence and absence of 500
µM AZ-022, 50 µM p53pT387 peptide, and simultaneously 50 µM p53pT387 peptide and 500
µM AZ-022. An additional control experiment consisted of the acquisition of a WaterLOGSY
spectrum in the presence of 500 µM AZ-022 and in the absence of protein and peptide. A 1H
spectrum with water-suppression was additionally recorded for each sample. Spectra were
collected, processed and analyzed with Topspin 4.0 (Bruker Biospin, Karlsruhe, Germany).
In silico docking of AZ-022 in 14-3-3/p53 complex
Docking experiments of fragments libraries were performed using Schrödinger Drug
Discovery suite (Schrödinger Release 2019-1: Schrödinger, LLC, New York, NY, 2019). The
Schrödinger protein preparation wizard was used to prepare the crystal structure. Hydrogen
atoms were added and possible Metal binding states generated. The protonation and
tautomeric states of Asp, Glu, Arg, Lys and His were adjusted to match a pH of 7.5 and
possible orientations of Asn and Gln residues were generated. Hydrogen bond sampling with
adjustment of active site water molecule orientations was performed using PROPKA. Water
molecules with fewer than two hydrogen bonds to non-waters were deleted. Finally, the
protein-ligand complexes were subjected to geometry refinements using the OPLS3 force
field in restrained minimizations. The ligands were prepared using LigPrep in the Schrödinger
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suite. The OPLS3 force field was used in all ligand preparation steps. Possible protonation
and ionization states were assigned to each ligand using EpiK at pH 7.5. Possible
stereoisomers, tautomeric states and metal binding sites were generated.
Surface plasmon resonance (SPR)
SPR analysis was performed using a Biacore 3000 instrument. CTD Thr387 phosphorylated
32-mer peptide of p53 (AnaSpec) was immobilized onto a CMD200M sensor chip (Xantec
bioanalytics) by using standard NHS/EDC amine-coupling chemistry. Peptide immobilization
was carried out at a flow rate of 20 μL/min and protein titration experiments at 10 μL/min.
All measurements were conducted at 25°C in HBSP+ buffer (0.01 M HEPES pH 7.4, 0.15 M
NaCl, 0.05% Surfactant P20, 1% DMSO). 14-3-3σ was injected at indicated concentrations in
the presence of 1 mM AZ-022 or 1% DMSO control. Kd values were calculated by nonlinear
regression analysis using GraphPad Prism 8.
Fluorescence polarization (FP) assay
Fluorescence polarization measurements were conducted in FP-buffer (10 mM HEPES pH
7.4, 150 mM NaCl, 0.01% TWEEN-20, 1 mg/mL BSA). Dilution series of 14-3-3σ were made in
triplet in low binding Corning Black Round Bottom 384-well plates in FP-buffer containing a
fixed concentration of labeled 32mer peptide (10 nM TAMRA-p53) and 1% DMSO or 1 mM
AZ-022. Dilution series of AZ-022, DMSO and FC-A were made in tripled in FP-buffer
containing a fixed concentration of labelled 32mer peptide of p53 (10 nM TAMRA-p53) in the
presence and absence of 14-3-3σ. Plates were incubated at room temperature protected
from light for 1 h and polarization was measured using PHERAstar (BMG Labtech) microplate
reader (λex:535 nm, λem:590 nm). Data was analyzed using non-linear regression analysis in
GraphPad Prism 8.
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Supporting information

Figure S1. WaterLOGSY detects the binding of AZ-022 to 14-3-3σ and to 14-3-3σ/p53 pT387 complex. 1H spectrum
of AZ-022 500 µM (black spectrum, on top). WaterLOGSY spectrum of AZ-022 500 µM (in purple): NMR signals are
all phased negative, except the one at 8.65 ppm. WaterLOGSY spectrum of a solution containing 14-3-3σ 25 µM and
AZ-022 500 µM (in red): NMR signals of the small molecule are all phased positive, indicating binding. WaterLOGSY
spectrum of a solution containing 14-3-3σ 25 µM, p53pT387 50 µM and AZ-022 500 µM (in blue): NMR signals of
the small molecule are all phased positive, indicating binding.

Figure S2. 15N-1H TROSY-HSQC spectra of 15N2H labeled 14-3-3. (A) Superimposed spectra of 15N2H labeled 14-3-3σ
100 µM, alone (in black), or in the presence of 2000 µM AZ-022 (superimposed in purple). (B) Spectra of 15N2H
labeled 14-3-3σ 100 µM in the presence of 500 µM p53pT387 (in red), and 15N2H labeled 14-3-3σ 100 µM in the
presence of both 500 µM p53pT387 and 2000 µM AZ-022 (superimposed in blue).
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Table S1. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-001
AZ-002
AZ-003
PDB accession code
6S40
6RWI
6RX2
Data Collection
Wavelength
1.54
1.54
1.54
Resolution range
34.01 - 1.90
20.93 - 1.65
28.08 - 1.82
(1.97 - 1.9)
(1.71 - 1.65)
(1.88 - 1.82)
Space group
C2221
C2221
C2221
Cell parameters
82.09 112.12 62.60
82.02 112.19 62.90
82.14 112.30 62.71
90 90 90
90 90 90
90 90 90
Unique reflections
22928(2050)
31662 (1479)
22816 (2588)
Multiplicity
2.0 (1.9)
2.0 (1.6)
2.0 (1.9)
Completeness (%)
98.97 (90.23)
89.74 (42.63)
99.66 (99.23)
23.96 (4.27)
19.86 (1.95)
17.38 (3.18)
Mean I/(I)
Wilson B-factor (Å2)
16.32
15.17
16.39
R-merge
0.035 (0.190)
0.033 (0.412)
0.031 (0.276)
R-meas
0.050 (0.268)
0.047 (0.584)
0.044 (0.390)
R-pim
0.035 (0.189)
0.033 (0.412)
0.031 (0.276)
CC1/2
0.998 (0.917)
0.999 (0.657)
0.999 (0.844)
Refinement
Reflections used in refinement
22927 (2050)
31653 (1480)
26311 (2587)
Reflections used for R-free
1179 (87)
1628 (68)
1342 (131)
R-work
0.1650 (0.2232)
0.1740 (0.2707)
0.1900 (0.2205)
R-free
0.1970 (0.2657)
0.2040 (0.2449)
0.2200 (0.3108)
Number of non-hydrogen atoms
2305
2295
2128
macromolecules
2001
1951
1921
ligands
77
17
21
solvent
227
327
186
RMS(bonds)
0.016
0.016
0.017
RMS(angles)
1.87
1.79
1.83
Ramachandran favored
97.87
98.68
98.61
(%)
Ramachandran allowed (%)
2.13
1.32
1.39
Ramachandran outliers (%)
0.00
0.00
0.00
Rotamer outliers (%)
0.93
0.47
0.00
Clashscore
4.18
1.28
3.12
Average B-factor
20.11
17.32
18.14
macromolecules
18.15
15.29
17.17
ligands
48.54
32.63
40.95
solvent
27.78
28.64
25.56

92

Chapter 4

Table S2. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-004
AZ-005
AZ-006
PDB accession code
6RK8
6RJZ
6RM5
Data Collection
Wavelength
1.542
1.542
1.542
Resolution range
33.16 - 1.60
29.96 - 1.58
26.47 - 1.88
(1.66 - 1.60)
(1.64 - 1.58)
(1.95 - 1.88)
Space group
C2221
C2221
C2221
Cell parameters
82.26 112.13 62.88
81.91 112.56 62.66
81.73 111.89 62.67
90 90 90
90 90 90
90 90 90
Unique reflections
34298 (1246)
30242 (545)
23609 (2331)
Multiplicity
5.6 (1.4)
6.3 (1.8)
6.1 (5.7)
Completeness (%)
88.8 (27.9)
76.0 (11.5)
100.0 (99.9)
Mean I/sigma(I)
13.2 (1.2)
13.0 (1.6)
11.6 (2.8)
Wilson B-factor
15.04
10.40
14.75
R-merge
0.083 (0.410)
0.095 (0.362)
0.112 (0.553)
R-meas
0.091 (0.551)
0.104 (0.457)
0.122 (0.609)
R-pim
0.037 (0.364)
0.040 (0.276)
0.049 (0.252)
CC1/2
0.990 (0.591)
0.996 (0.667)
0.995 (0.837)
Refinement
Reflections used in refinement
34298 (1246)
30242 (545)
23609 (2331)
Reflections used for R-free
2000 (73)
2000 (37)
1218 (109)
R-work
0.2032 (0.3168)
0.1895 (0.2121)
0.1820 (0.1996)
R-free
0.2294 (0.3503)
0.2181 (0.2976)
0.2073 (0.2146)
Number of non-hydrogen atoms
2033
2111
1967
macromolecules
1898
1925
1839
ligands
22
28
44
solvent
113
158
84
RMS(bonds)
0.010
0.010
0.010
RMS(angles)
1.04
1.09
0.98
Ramachandran favored (%)
97.85
97.47
97.33
Ramachandran allowed (%)
2.15
2.53
2.67
Ramachandran outliers (%)
0.00
0.00
0.00
Rotamer outliers (%)
0.00
0.50
1.06
Clashscore
2.38
0.52
1.09
Average B-factor
20.50
14.77
30.38
macromolecules
20.23
14.19
30.05
ligands
32.18
33.77
42.76
solvent
22.68
18.53
31.17
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Table S3. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-007
AZ-008
AZ-009
PDB accession code
6RL3
6SIO
6S9Q
Data Collection
Wavelength
1.033
1.542
1.54
Resolution range
41.83 - 1.30
41.83 -1.60
45.52 - 1.69
(1.35 - 1.30)
(1.66 -1.60)
(1.75 - 1.69)
Space group
C2221
C2221
C2221
Cell parameters
82.03 112.31 62.70
82.41 112.19 62.77
82.11 111.85 62.70
90 90 90
90 90 90
90 90 90
Unique reflections
71042 (6962)
29104 (984)
28194 (1273)
Multiplicity
12.9 (12.6)
4.7 (1.7)
2.0 (1.9)
Completeness (%)
99.62 (98.96)
75.68 (25.89)
85.61 (38.99)
24.97 (1.76)
21.7 (3.3)
13.84 (2.07)
Mean I/(I)
Wilson B-factor (Å2)
12.41
13.30
14.57
R-merge
0.193 (0.726)
0.049 (0.221)
0.052 (0.396)
R-meas
0.201 (0.757)
0.055 (0.295)
0.073 (0.560)
R-pim
0.055 (0.211)
0.023 (0.192)
0.051 (0.396)
CC1/2
0.989 (0.743)
0.999 (0.916)
0.983 (0.699)
Refinement
Reflections used in refinement
71041 (6963)
29100 (984)
28178 (1273)
Reflections used for R-free
3539 (370)
1420 (63)
1386 (71)
R-work
0.1730 (0.3669)
0.1644 (0.2019)
0.1937 (0.2563)
R-free
0.1920 (0.3650)
0.1946 (0.2320)
0.2259 (0.3527)
Number of non-hydrogen atoms
2369
2378
2183
macromolecules
2003
1990
1958
ligands
24
33
46
solvent
342
355
179
RMS(bonds)
0.009
0.012
0.017
RMS(angles)
1.22
1.20
1.02
Ramachandran favored
98.27
98.67
98.68
(%)
Ramachandran allowed (%)
1.73
1.33
1.32
Ramachandran outliers (%)
0.00
0.00
0.00
Rotamer outliers (%)
0.00
0.88
0.00
Clashscore
2.26
4.15
3.53
Average B-factor
17.83
17.24
16.40
macromolecules
15.81
15.09
15.30
ligands
35.87
26.60
40.10
solvent
28.43
28.44
22.39
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Table S4. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-010
AZ-011
AZ-012
PDB accession code
6RKK
6RKM
6RKI
Data Collection
Wavelength
1.542
1.542
1.542
Resolution range
24.9 - 1.88
24.85 - 1.88
26.62 - 1.88
(1.95 - 1.88)
(1.95 - 1.88)
(1.95 - 1.88)
Space group
C2221
C2221
C2221
Cell parameters
82.12 112.42 62.62
81.78 112.51 62.59
82.19 112.53 62.65
90 90 90
90 90 90
90 90 90
Unique reflections
23769 (2326)
20419 (2007)
23791 (2310)
Multiplicity
2.0 (2.0)
1.9 (1.8)
2.0 (2.0)
Completeness (%)
99.77 (99.87)
85.92 (85.54)
99.67 (98.93)
Mean I/sigma(I)
4.30 (1.80)
8.75 (3.32)
15.96 (6.60)
Wilson B-factor
11.26
11.35
10.14
R-merge
0.106 (0.375)
0.055 (0.176)
0.032 (0.086)
R-meas
0.150 (0.530)
0.078 (0.249)
0.045 (0.122)
R-pim
0.106 (0.375)
0.055 (0.176)
0.032 (0.086)
CC1/2
0.959 (0.57)
0.988 (0.872)
0.998 (0.974)
Refinement
Reflections used in refinement
23769 (2323)
20419 (2005)
23791 (2310)
Reflections used for R-free
1164 (119)
1073 (103)
1162 (117)
R-work
0.1940 (0.2265)
0.1780 (0.2661)
0.1530 (0.1731)
R-free
0.2720 (0.2689)
0.2300 (0.3732)
0.2060 (0.2244)
Number of non-hydrogen atoms
2333
2262
2337
macromolecules
1916
1881
1933
ligands
30
50
25
solvent
387
331
379
RMS(bonds)
0.013
0.014
0.014
RMS(angles)
1.32
1.56
1.52
Ramachandran favored (%)
98.74
98.71
97.93
Ramachandran allowed (%)
1.26
1.29
2.07
Ramachandran outliers (%)
0.00
0.00
0.00
Rotamer outliers (%)
1.51
1.52
0.50
Clashscore
3.65
2.91
2.61
Average B-factor
14.60
14.05
14.36
macromolecules
12.74
11.44
11.83
ligands
32.44
40.09
40.47
solvent
22.42
24.97
25.57
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Table S5. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-013
AZ-014
AZ-015
PDB accession code
6S39
6S3C
6RWH
Data Collection
Wavelength
1.542
1.542
1.54
Resolution range
26.59 - 1.88
26.68 - 2.00
21.70 - 1.68
(1.95 - 1.88)
(2.07 - 2.00)
(1.74 - 1.68)
Space group
C2221
C2221
C2221
Cell parameters
82.11 111.99 62.52
82.40 112.57 62.64
81.64 112.18 63.09
90 90 90
90 90 90
90 90 90
Unique reflections
23672 (2333)
19424 (1832)
31387 (2079)
Multiplicity
2.0 (2.0)
2.0 (2.0)
2.0 (1.8)
Completeness (%)
99.76 (99.87)
95.98 (93.61)
94.05 (62.81)
Mean I/sigma(I)
3.80 (2.69)
4.71 (2.86)
14.92 (1.92)
Wilson B-factor
0.11
6.26
17.93
R-merge
0.112 (0.221)
0.093 (0.214)
0.032 (0.403)
R-meas
0.158 (0.312)
0.131 (0.302)
0.046 (0.570)
R-pim
0.112 (0.221)
0.093 (0.214)
0.032 (0.403)
CC1/2
0.957 (0.877)
0.966 (0.856)
0.999 (0.753)
Refinement
Reflections used in refinement
23635 (2333)
19254 (1831)
31382 (2079)
Reflections used for R-free
1161 (122)
944 (77)
1638 (120)
R-work
0.3660 (0.5943)
0.2532 (0.2717)
0.1880 (0.2812)
R-free
0.3914 (0.5831)
0.2649 (0.3169)
0.2270 (0.3134)
Number of non-hydrogen atoms
2059
2181
2247
macromolecules
1953
1882
2017
ligands
37
29
41
solvent
69
270
189
RMS(bonds)
0.015
0.014
0.016
RMS(angles)
1.84
1.54
1.80
Ramachandran favored (%)
99.12
98.68
98.68
Ramachandran allowed (%)
0.88
1.32
1.32
Ramachandran outliers (%)
0.00
0.00
0.00
Rotamer outliers (%)
0.47
1.03
0.45
Clashscore
2.29
4.28
2.45
Average B-factor
9.45
10.59
19.58
macromolecules
9.19
9.16
18.54
ligands
21.05
21.00
38.97
solvent
10.64
19.44
26.57

96

Chapter 4

Table S6. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-016
AZ-017
AZ-018
PDB accession code
6RL4
6RM7
6SIP
Data Collection
Wavelength
1.033
1.033
1.54
Resolution range
56.00 - 1.60
41.76 - 1.60
19.93 - 1.60
(1.66 - 1.60)
(1.66 - 1.60)
(1.66 - 1.60)
Space group
C2221
C2221
C2221
Cell parameters
81.89 111.99 62.64
82.14 111.97 62.71
82.12 112.57 62.68
90 90 90
90 90 90
90 90 90
Unique reflections
38333 (3761)
38508 (3814)
28992 (733)
Multiplicity
12.8 (11.6)
12.8 (12.9)
3.1 (1.2)
Completeness (%)
99.91 (99.26)
99.98 (99.87)
74.95 (19.08)
Mean I/sigma(I)
40.8 (15.9)
41.7 (13.1)
34.3 (6.7)
Wilson B-factor
12.18
12.85
12.21
R-merge
0.039 (0.112)
0.036 (0.166)
0.026 (0.114)
R-meas
0.042 (0.123)
0.039 (0.180)
0.031 (0.155)
R-pim
0.016 (0.050)
0.015 (0.069)
0.016 (0.104)
CC1/2
0.999 (0.995)
1 (0.992)
0.999 (0.971)
Refinement
Reflections used in refinement
38333 (3761)
38508 (3814)
28989 (733)
Reflections used for R-free
1940 (186)
1948 (186)
1373 (29)
R-work
0.1534 (0.1596)
0.1448 (0.1545)
0.1617 (0.1806)
R-free
0.1805 (0.1933)
0.1687 (0.1887)
0.1961 (0.2418)
Number of non-hydrogen atoms
2322
2359
2340
macromolecules
1966
2003
1969
ligands
25
25
31
solvent
331
331
340
RMS(bonds)
0.010
0.008
0.038
RMS(angles)
1.04
0.95
2.58
Ramachandran favored (%)
98.25
98.29
98.72
Ramachandran allowed (%)
1.75
1.71
1.28
Ramachandran outliers (%)
0.00
0.00
0.00
Rotamer outliers (%)
0.00
0.00
0.47
Clashscore
2.05
0.75
2.53
Average B-factor
16.30
18.50
15.37
macromolecules
14.16
16.61
13.52
ligands
38.34
28.20
20.76
solvent
27.37
29.20
25.60
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Table S7. Data collection and refinement statistics 14-3-3σ∆C/p53/fragment complexes (data extracted using
Phenix v. 1.15.2-3472 and aimless log files).
AZ-019
AZ-020
AZ-021
PDB accession code
6RL6
6SIQ
6SLV
Data Collection
Wavelength
1.033
1.54
1.54
Resolution range
41.78 - 1.60
20.58 -1.60
41.84 - 1.9
(1.66 - 1.60)
(1.66 -1.60)
(1.97 - 1.90)
Space group
C2221
C2221
C2221
Cell parameters
82.05 112.23 62.57
82.34 112.00 62.57
82.322 112.398 62.67
90 90 90
90 90 90
90 90 90
Unique reflections
38459 (3795)
31659 (878)
23310 (2300)
Multiplicity
12.7 (12.9)
8.0 (1.4)
2.0 (2.0)
Completeness (%)
99.95 (99.58)
82.32 (23.18)
99.97 (100.00)
Mean I/sigma(I)
32.8 (10.1)
25.5 (2.7)
10.31 (2.98)
Wilson B-factor
13.66
13.59
11.23
R-merge
0.045 (0.204)
0.219 (0.375)
0.052 (0.183)
R-meas
0.049 (0.221)
0.231 (0.505)
0.073 (0.259)
R-pim
0.019 (0.086)
0.074 (0.335)
0.052 (0.183)
CC1/2
1 (0.988)
0.905 (0.768)
0.996 (0.916)
Refinement
Reflections used in refinement
38459 (3795)
31649 (878)
23308 (2300)
Reflections used for R-free
1950 (191)
1513 (39)
1199 (107)
R-work
0.1540 (0.1692)
0.1817 (0.2573)
0.1877 (0.2355)
R-free
0.1829 (0.2076)
0.2175 (0.2556)
0.2184 (0.2848)
Number of non-hydrogen atoms
2332
2401
2277
macromolecules
1994
2016
1976
ligands
22
35
22
solvent
316
350
279
RMS(bonds)
0.009
0.039
0.011
RMS(angles)
1.01
2.64
0.99
Ramachandran favored (%)
98.69
98.69
98.34
Ramachandran allowed (%)
1.31
1.31
1.66
Ramachandran outliers (%)
0.00
0.00
0
Rotamer outliers (%)
0.00
1.32
0.49
Clashscore
1.52
2.93
1.02
Average B-factor
18.51
18.64
14.54
macromolecules
16.46
16.20
13.29
ligands
48.44
36.57
33.11
solvent
29.35
30.92
21.92
Statistics for the highest-resolution shell are shown in parentheses.
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Chapter 5
Small-Molecule Modulation of 14-3-3σ Dimerization

Abstract
14-3-3 proteins are expressed in eukaryotic cells and function as adapter proteins. They are
involved in regulating many important cellular processes including apoptosis and cell-cycle
checkpoints. The human 14-3-3 family consists of seven highly conserved isoforms (β, γ, ε, η,
σ, τ, and ζ). 14-3-3 proteins mainly exist and function as hetero- or homodimers. 14-3-3 is
unique among other isoforms. It is the only isoform that is induced by the tumor suppressor
protein p53 in a response to DNA damage and preferentially forms homodimers. Misregulation of 14-3-3 is linked to several types of human cancers. Low levels of the protein
in cancers indicate its important role as a tumor suppressor while overexpression of 14-3-3
have been reported to cause resistance to common anti-cancer therapies. Therefore,
modulation of 14-3-3 activity and function poses an attractive approach in drug discovery.
This chapter aims to discuss the potential of small-molecule induced modulation of 14-3-3
dimerization and report the identification of potential small-molecule dimerization
inhibitors.
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Introduction
The family of 14-3-3 adapter proteins plays a pivotal role in regulating cellular processes that
are crucial for the normal growth of cells but become mis-regulated in a number of human
cancers.1,2 Out of seven highly conserved family members, 14-3-3σ has been most directly
linked to cancer development.1 14-3-3σ functions as a double-edged sword.3 Its downregulation has been reported in several types of cancer thus suggesting its potential role as
a tumor suppressor while increased expression of 14-3-3σ cause resistance to conventional
DNA-damaging anticancer therapeutics1,2,4. The positive tumor-suppressive function of 143-3σ is related to its involvement in the cell-cycle checkpoint control after DNA damage and
stabilization of the tumor suppressor protein p53.4 14-3-3σ has been shown to block the
degradation of p53 by inhibiting MDM2-regulated ubiquitination and nuclear export of the
tumor suppressor protein.4 Decreased expression of 14-3-3σ caused by hypermethylation
has been reporter in breast, head and neck, vulva, ovary, prostate, skin, stomach,
endometrium and liver cancer.3 On the contrary, elevated levels of 14-3-3σ protein
contribute to resistance to anticancer drugs and γ-irradiation in various types of cancers.
Over-expression of the adapter protein in breast cancer cells with basal/myoepithelial
phonotype, pancreatic cancer cells and androgen-independent prostate cancer cell lines has
been shown to cause resistance to mitoxantrone and Adriamycin.5,6,7 Both mitoxantrone and
Adriamycin are popular drugs in cancer therapy that promote apoptosis in cancer cells by
inducing double-strand DNA breaks.5 In response to drug-induced DNA damage, cancer cells
undergo mitotic catastrophe which leads to cell death.5,8 Cells over-expressing 14-3-3σ
maintain the G2-M cell cycle arrest upon DNA damage by inactivating cyclin dependent
kinases responsible for mitosis thereby enabling cells to repair DNA damage and survive
anticancer drug-induced cell death.5,8,9 Therefore, the development of therapeutics
approaches to inactivate 14-3-3σ function is essential for the effective treatment of cancers
with elevated levels of the adapter protein.
14-3-3 proteins exert many of their specific functions in cells by forming homo- or
heterodimers.10 Oligomerization is stabilized by a number of hydrophobic and polar contacts
as well as multiple salt bridges between specific amino acid residues located at the Nterminal α-helices.10,11 Each monomer contains an amphipathic phosphopeptide binding
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groove. Peptides containing two 14-3-3 binding sites separated by a linker bind to 14-3-3
dimer with higher affinity compared to single-binding site peptides indicating the important
role of dimerization in ligand binding and recognition.12,13 14-3-3σ is unique among other
isoforms due to its preference to form homodimers. 14-3-3σ has distinct amino acid residues
at the dimer interface that are responsible for stabilizing homodimeric interactions and
destabilizing heterodimeric interactions. It has been shown that mutations of Ser-5, Glu-20
and Glu-80 induce 14-3-3 heterodimerization with other isoforms while mutations of Phe25 and Gln-55 reduce the homodimerization of the protein.11 At the 14-3-3σ dimer interface
Phe-25 on αB helix forms a non-covalent aromatic interaction with Tyr-84 on αD’, Lys-9 on
αA helix establishes a salt bridge with Glu-83 on αD’ and Arg-18 on αB makes a hydrogen
bond with Glu-91 on αD’ (Figure 5.1). Asp-21 on αB is observed to form two hydrogen bonds,
one with Arg-18 on the same helix and the other with Tyr-84 on αD’ (Figure 5.1). Glu-20 on
αB forms a hydrogen bond with Glu-20 on the opposing monomer which is the only
symmetric interaction at the interface and unique to the σ isoform. These stabilizing
interactions provide a molecular rationalization for the formation of the 14-3-3σ homodimer.
In addition, if 14-3-3σ would form heterodimers with other isoforms it would result in a highly
destabilizing interaction between Glu-80 on αD’ of 14-3-3σ and negatively charged amino
acid side chains of Glu-5 or Asp on αA helix of 14-3-3β, ε, ζ or τ isoforms.14 It has been shown
that Phe-25 is critical for maintaining 14-3-3σ homodimerization by promoting a network of
hydrophobic and electrostatic interactions described above.
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Figure 5.1. 14-3-3σ dimerization interface. 14-3-3σ forms unique interactions at the interface that stabilize the
formation of the homodimer (PDB ID: 1YWT).

Mutation of important amino acid residues at the dimer interface and subsequent
dissociation into monomers significantly decreases the ability of 14-3-3σ to regulate G2-M
cell cycle arrest upon drug-induced DNA damage and thus resistance to anticancer
therapies.15 Targeting any of the amino acid residues involved in stabilizing
homodimerization that result in the disruption of 14-3-3 function as a regulator of the cellcycle checkpoint may be a promising approach for sensitizing cells for anticancer therapies.
The aim of this chapter is to provide a starting point for the development and identification
of small-molecules able to modulate 14-3-3 homodimerization.

Fragment-based identification of ligandable sites outside the peptide-binding
channel of 14-3-3
A recent fragment-based study using X-ray crystallography revealed that the existence of
secondary small-molecule binding sites is a general feature of most of the proteins.16
Moreover, a fragment-screening approach combining NMR and X-ray crystallography led to
the identification of two individual secondary binding sites on 14-3-3 proteins.17 In the course
of the crystal-based fragment screening reported in Chapter 4, three more of these sites
were identified. They are located either on the edges of the 14-3-3 channel (sites 1-4) or at
the “backside” of 14-3-3σ (site 5) (Figure 5.2). Sites 1 and 2 have been described earlier by
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Sijbesma et. al and are located on top of the edge of the 14-3-3σ monomer.17 This part of 143-3 has repeatedly been shown to be involved in the interaction with some of its partner
proteins as illustrated by the respective crystal structures of 14-3-3 in complex with AANAT,
PMA2 and Hd3a.18,19,20

Figure 5.2. AZ fragments binding to secondary sites 1-5 in 14-3-3σ. Middle: solid surface representation of 14-3-3σ
(white) in complex with p53pT387 (orange sticks) and the superimposition of fragments binding to sites distinct
from the central channel. Periphery: detailed view on single fragments (cyan sticks displaying the final 2Fo-Fc
electron density map (blue mesh) or the contact environment of the fragments binding to 14-3-3σ (white sticks).
Polar contacts are displayed as dotted black lines.

A number of fragments could be identified in binding site 5. This pocket is located opposite
to the amphipathic groove and could be of interest to study whether partner proteins use
this “backside” of 14-3-3σ for binding. In comparison to sites 1 and 2, fragments binding to
sites 3 and 4 are less expected to influence interactions with partner proteins. However, as
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this site is important for 14-3-3σ homodimerization, fragments AZ-025 and AZ-026 binding
in this pocket could serve a good starting point for the development of 14-3-3 dimerization
stabilizers or inhibitors. Crystal structures of 14-3-3-p53pT387 in complex with AZ-025 and
AZ-026 revealed that the fragments make polar contacts with Arg-18 and Glu-20 and Glu-20
and Glu-91 respectively, located at the dimerization interface. Encouraged by these findings,
a nearest-neighbor search of AZ-025 and AZ-026 was performed and 166 fragments were
selected for further analysis.

Identification of dimerization stabilizers and inhibitors in DSF assay
166 nearest neighbors of AZ-025 and AZ-026 were first tested for their thermal stability in
differential scanning fluorimetry (DSF) assay. DSF is a widely used technique in drug discovery
that allows a rapid estimation of protein stability and folding state in a response to complex
formation or a change in the protein environment.21,22 As the protein is exposed to gradually
increasing temperature, it unfolds and exposes its hydrophobic regions.23 The thermal
denaturation of the protein is monitored as an increase in fluorescence intensity as the
hydrophobic regions of the protein bind a hydrophobic dye present in the sample
solution.22,23 This allows to determine the melting temperature, defined as a temperature at
which 50% of the protein is in folded state and the other half in unfolded state. Protein
stability and folding state can be estimated by comparing the melting temperatures of the
protein in the presence and absence of ligands.22 Small-molecule induced stabilization and
inhibition of 14-3-3σ dimerization increases or decreases the protein melting temperature
respectively and is measured as a thermal shift (Tm). The thermal denaturation profile of
14-3-3σ differs from other isoforms as it is observed to have a biphasic melting curve
indicating a two-state folding.24,25 In accordance with previously published data, the melting
profile of 14-3-3σ in the presence of 2.5% DMSO control showed two sigmoidal curves with
melting temperatures 49.1 and 65.5 °C (Figure 5.3). 24,25 The first melting temperature
corresponds to the dissociation of the homodimer and the second one indicates the
unfolding/denaturing of the monomer.

106

Chapter 5

Figure 5.3. 14-3-3σ dimerization inhibitors identified in DSF screen. (A) Normalized DSF curves corresponding to
inhibitors and a histogram indicating a change in the melting temperature (ΔTm) compared to the DMSO control. (B)
Normalized DSF curves of 14-3-3 dimerization stabilizers and a histogram demonstrating the increase in the melting
temperatures induced by the stabilizers. Data used to calculate the average ΔTm values for the histograms are mean
of three separate experiments.

The primary screen of fragments at 250 μM resulted in the identification of 11 dimerization
inhibitors (Figure 5.3 A) and 6 dimerization stabilizers (Figure 5.3 B) that either decreased or
increased the first melting temperature compared to DMSO control. Importantly, only
fragments that induced an average ΔTm≥1 were selected as effective modulators of the
dimerization. The maximum stabilizing and destabilizing ΔTm was +3.58 (AZ-038) and -3.12°C
(AZ-041) respectively. Interestingly, a significant increase of 13-16°C in the second melting
temperature was observed in the presence of both dimerization inhibitors and stabilizers
indicating that the fragments are inhibiting the denaturation of the 14-3-3 monomer. Based
on the primary DSF screen, 11 inhibitors that showed a significant decrease in the first
melting temperature were selected for follow-up studies.
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Fluorescence polarization assay confirming dimerization inhibition effect
In order to confirm the hits identified in DSF, fluorescence polarization (FP) assay was
performed. To this end 14-3-3σ was titrated to a fixed concentration of TAMRA-labelled
doubly phosphorylated 32mer peptide of p53 (p53pS378/pT387) and 250 μM fragment.
32mer peptide was selected to mimic the C-terminal region of p53 that binds to the
amphipathic ligand binding groove of 14-3-3σ. As 14-3-3 exists as a dimer, it can be assumed
that the 32mer peptide forms interactions with both monomers. The titration of the protein
to a fixed concentration of the fluorescent- labelled peptide resulted in an increase in
measured polarization values and a sigmoidal binding curve was obtained from which an
apparent dissociation constant (Kd) could be calculated. The binding affinity (Kd) of the
monophosphorylated p53 (p53pT387) to 14-3-3 is 10 μM and has been determined before
in Chapter 3. The doubly phosphorylated p53 peptide (p53pS378/pT387) was observed to
bind to 14-3-3 with 30-fold higher affinity than the monophosphorylated peptide
(p53pT387) (Figure 5.4). Fragments inducing a dissociation of the homodimer were expected
to increase the apparent Kd of the 14-3-3σ – p53 peptide complex that would be observed
as a shift in the titration curve. Out of 11 inhibitors identified in DSF, 3 caused a significant
increase in the Kd value of the protein-peptide binding and were confirmed as the negative
modulators of 14-3-3 dimerization (Figure 5.4). AZ-032, AZ-034 and AZ-044 showed to inhibit
the 14-3-3-p53 (p53pS378pT387) PPI by 1.7-2.1 fold. Importantly, the most potent of them,
AZ-034, was shown to induce a significant shift of -2.14 °C in the melting temperature in DSF
assay. AZ-035, AZ-039, AZ-041 and AZ-043 did not cause a significant change in Kd values
compared to the DMSO control (SI1).
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Figure 5.4. Dose-response titration of 14-3-3σ to a fixed concentration of doubly phosphorylated p53 peptide
(p53pS378pT387) and 250 μM fragment. AZ-019, AZ-021 and AZ-031 are the most potent fragments that were
observed to induce a 1.6-2.1-fold inhibition of the 14-3-3-p53 PPI. Average Kd values of the 14-3-3-p53 complex in
the presence of a DMSO control and fragments are listed in a table.

These results are encouraging and provide a good starting point for the design and
identification of small-molecule 14-3-3 dimerization inhibitors. However, additional
techniques like NMR are needed to provide a structural explanation to these findings.

Conclusion
As all 14-3-3 family members share a conserved amphipathic ligand binding groove, targeting
the dimerization interface that differs between isoforms might be an ideal approach for
designing isoform specific inhibitor capable of disrupting 14-3-3 function in cancers
overexpressing this protein. The potential of this strategy has been demonstrated in several
studies. It has been shown that sphingosine and its analogue FTY720-induced
109

Chapter 5
phosphorylation of 14-3-3ζ on Ser-58 results in partial dissociation of the protein.26 FTY720,
a FDA approved immunosuppressant for the treatment of multiple sclerosis, has been
reported to induce apoptosis in several cell types.26,27 In this chapter we identified two
fragments, AZ-025 and AZ-026, that bind to the 14-3-3 dimerization interface and form
polar contacts with amino acid residues involved in protein dimerization. DSF screen of the
nearest neighbors of AZ-025 and AZ-026 resulted in the identification of 11 dimerization
inhibitors and 6 stabilizers. Follow-up fluorescence polarization assay of the inhibitors
allowed the detection of 3 fragments that significantly decreased the binding affinity of
doubly phosphorylated 32mer peptide of p53 for 14-3-3. These results are promising and
could be a good starting point for the development of specific inhibitors targeting 14-3-3
dimerization and subsequently sensitize cancer cells for drug induced cell death.

Materials and methods
14-3-3σ protein expression and purification was performed as described in chapter 3. For
the DSF assay, the His6-tag was cleaved with TEV protease and purified using size-exclusion
chromatography. p53pS378pS387 peptide was purchased from AnaSpec.
X-ray crystallography
14-3-3σΔc and acetylated p53pT387 peptide were grown by mixing 12 mg/mL. 14-3-3σ∆C in
a molar ratio of 1:2 with p53 12-mer C-terminal peptide in 25 mM HEPES pH 7.5, 100 mM
NaCl, 10 mM MgCl2 and 2 mM β-mercaptoethanol. After overnight complexation, hangingdrop crystallization wells were set-up using a 1:1 ratio of precipitation buffer (0.1 M HEPES
pH 7.5, 0.2 M CaCl2, 5% glycerol, 2 mM β-mercaptoethanol and 28% PEG400) and
complexation mixture for a total drop volume of 2 µL. Crystals were grown within 10 days at
4°C.
Fragment soaking was performed on crystals of 10 days and older by adding 0.2 μL of a 100
mM stock solution in dimethyl sulfoxide to the 2 µL drop for a final concentration of 20 mM.
Crystals were fished after a minimum of 2 days and flash-cooled in liquid nitrogen. Data sets
were collected either on an in-house Rigaku Micromax-003 (Rigaku Europe, Kemsing
Sevenoaks, UK) sealed tube X-ray source and a Dectris Pilatus 200K detector (DECTRIS Ltd.,
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Baden-Daettwil, Switzerland) or at the DESY PETRA III synchrotron beamline P11 (DESY,
Hamburg, Germany). All datasets were indexed, integrated and scaled using either iMosflm
or DIALS followed by AIMLESS. Phasing was performed using molecular replacement in
Molrep using PDB ID 5MHC (14-3-3σ/p53) as search model. Phaser, Coot and phenix.refine
were thereafter used in alternating cycles of model building and refinement.
Differential scanning fluorimetry (DSF)
Measurements were performed using CFX96 real-time PCR detection system (Bio-Rad).
Samples containing 7 M 14-3-3, 250 M fragment and 8.3x Sypro Orange in the assay
buffer (100 mM HEPES, pH 7.5, 150 mM NaCl) were dispensed into 96-well plates and heated
from 26°C to 95 °C at a rate of 1°C/minute. A sample containing 2.5% of DMSO, 7 M 14-33 and 8.3x Sypro Orange was used as a control. The fluorescence was measured at each
step. The melting temperatures were determined using Microsoft Excel. The fluorescence
values were normalized and the data was plotted using GraphPad Prism 8. All measurements
were performed in triplicate. Average shift in melting temperatures (Tm) was calculated and
plotted in GraphPad Prism 8.
Fluorescence polarization (FP) assay
Fluorescence polarization measurements (FP) were conducted in FP buffer (10 mM HEPES,
pH 7.5, 150 mM NaCl, 0.1% Tween-20, 1 mg/mL BSA) and 10 nM TAMRA-p53pS378pT387
doubly labelled peptide, 250 M fragment. A two-fold dilution series of 14-3-3 starting from
50 M were performed in Corning black non-binding round bottom 384 well-plates. Plates
were incubated at room temperature for 1 h and the fluorescence was measured using Tecan
Infinite F500 plate reader (emission 535 nm, excitation 590 nm). The data was fitted in
Graphpad Prism 8 using non-linear regression analysis method.
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Supporting information

Figure S1. Dose-response titration of 14-3-3σ to a fixed concentration of doubly phosphorylated p53 peptide
(p53pS378pT387) and 250 μM fragment. AZ-022, AZ-026, AZ-028 and AZ-030 did not induce a significant change in
the 14-3-3-p53 PPI binding affinity. AZ-017, AZ-018, AZ-027, AZ-029 showed elevated polarization values at lower
protein concentration and were excluded from the graph. Average Kd values of the 14-3-3-p53 complex in the
presence of a DMSO control and fragments are listed in a table.
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Introduction
Modulation of protein-protein interactions (PPI) is one of the most promising approaches in
drug discovery today. Modulation can be achieved either by stabilization or inhibition of a
complex of interest.1 However, PPIs have characteristic properties that make them
challenging targets.2 PPI interfaces tend to have a large and flat surface area that lacks
appropriate binding grooves.3,4 Nevertheless, PPI modulation has proven to be successful
with a number of drugs either in clinical trials or already on the market. 5 As the majority of
modulators are inhibitors, the stabilization of PPIs has remained relatively understudied. This
thesis aims to expand the knowledge on 14-3-3 protein-protein interaction and explore the
potential of small-molecule induced modulation of disease related 14-3-3 PPIs. The chapter
describes the work presented in this thesis and discusses further opportunities to expand the
research.

14-3-3 - p53 protein-protein interaction
14-3-3 family of adapter proteins are involved in a majority of human diseases that make
them attractive targets in drug discovery.6 They bind to several hundred partner proteins and
regulate their activity, sub-cellular localization or interactions with other proteins.7 14-3-3
proteins have been shown to recognize three phosphorylated binding motifs: RSXpSXP
(mode 1), RXF/YXpSXP (mode 2) and pS/TX1-2-COOH (mode 3).8 In addition, several
unphosphorylated and special binding motifs have been described. One of them is the tumor
suppressor protein p53, described in this thesis, that forms a unique binding interface with
14-3-3.9 Of all the seven isoforms, 14-3-3 is most directly involved in human cancers and
has been reported to positively regulate p53 activity and functions in response to DNA
damage.10,11 Therefore, more detailed characterization of the 14-3-3 – p53 interaction is
needed in order to evaluate the potential druggability of this PPI in cancer therapeutics.
Synthetic peptides mimicking the binding sites of proteins that are involved in disease related
PPIs are extensively used in drug discovery.12 Therefore, the C-terminal synthetic p53
peptides that have been shown to interact with the amphiphatic groove of 14-3-3 proteins
have been used to characterize 14-3-3 – p53 PPI.13,14,15 A study screening C-terminal domain
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of p53 peptides that are phosphorylated at different sites for binding to 14-3-3 has revealed
that 14-3-3 isoforms bind to p53 with varying binding affinities and use different modes of
action for activating p53.14,15 Importantly, out of four isoforms studied 14-3-3 σ and τ are the
only isoforms that have been shown to also interact with phosphorylation deficient p53
peptides.15
The C-terminal domain of p53 has been shown to adopt a bent conformation in the 14-3-3
binding groove.9 Chapter 3 described the binding of different lengths of C-terminal p53
peptides. The results provided a molecular characterization of 14-3-3 - p53 PPI and showed
that the binding affinities are directly dependent on the disordered character of p53
peptides. In addition, it was observed that the propensity to adopt a bent conformation is
higher for peptides that form additional intra-peptide interactions. This indicates that the
length of the peptide is an important feature to take into account when using synthetic
peptides are protein mimics in biophysical assays.
As the lack of phosphorylation sites at the C-terminus of the p53 peptide does not affect its
ability to bind to 14-3-3 σ and τ isoforms, it is highly likely that p53 has an additional binding
site that interacts with 14-3-3σ. It has been hypothesized that the transactivation domain of
p53 might harbor the second site for 14-3-3 σ and τ.15 As the family of 14-3-3 isoforms are
highly conserved and the amino acids mediating interactions with phosphorylated ligands
are the same, it can be assumed that the additional p53 binding site is located at the nonconserved region of the 14-3-3σ protein. One of the regions proposed to serve a second
phospho-independent ligand binding site is located at the top of the U-shaped dimer in the
αA- αH liker region.10 Therefore, more detailed studies involving larger p53 protein domains
or full proteins are needed to further shed light on the binding mechanism and additional
residues involved. However, structural characterization of a full-length p53 protein is
challenging due to its complex nature and highly flexible regions.16
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Small-molecule modulation of 14-3-3 protein-protein interaction
Fragment based drug discovery (FBDD) has emerged as a powerful approach for the design
and identification of new drug leads.17 It employs biophysical and structural assays for the
discovery of weakly but specifically binding low molecular weight (MW < 300 Da) molecules
(fragments) that can be further optimized to bigger drug-like molecules by adding functional
groups or linking or merging several fragments.18 Screening a library of small-molecules
poses several advantages over conventional high-throughput screening approach. FBDD is
more efficient as it allows to screen a smaller library consisting of structurally and chemically
diverse fragments that cover a broad chemical space.19 Due to the small size, fragments pose
a lower degree of complexity and are therefore less likely to form unfavorable interactions.
In addition, they can bind to region that are difficult to access by bigger molecules.19
Fragment-based drug discovery has been successfully employed in targeting PPIs. The
majority of small-molecules on the market are PPI inhibitors.20 Chapter 2 and 4 employed
the opposite strategy by exploring the potential of small-molecule induced stabilization of
cancer associated 14-3-3σ – p53 PPI. A natural compound Fusicoccin-A (FC-A) proved to be
a good tool compound for screening small-molecule PPI stabilizers. It induced a 2-fold
stabilization of 14-3-3σ – p53 PPI as described in Chapter 2. To further prove the importance
of rational peptide design and selection in drug discovery, the FC-A induced stabilization
effect on different lengths of p53 peptides was measured using surface plasmon resonance
(SPR) assay. Comparison of the binding affinities of 15mer and 20mer peptides showed that
the addition of FC-A led to approximately 2-fold stabilization of the 14-3-3σ – peptide
interaction in accordance with previously reported data (Figure 6.1). Interestingly, 12mer
peptide which showed no binding in the absence of FC-A, bound to 14-3-3 with a Kd of around
55.7 µM in the presence of the compound. In addition, 14mer that has a relatively weak
binding affinity to 14-3-3σ, showed a 3-fold stabilization effect upon the addition of FC-A.
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Figure 6.1. Fusicoccin-A induced stabilization effect on the binding affinity of different lengths of p53 peptides to
14-3-3.

Although Fusicoccin-A serves a good positive control for the identification of small-molecule
14-3-3σ – p53 modulators, it also sheds light on the challenges that need to be overcome
when designing and screening PPI stabilizers. One of the most important key features of a
successful fragment hit is its specificity. FC-A has been shown to interact with and stabilize
several 14-3-3 protein-protein interactions.21 Further optimization of FC-A could improve its
specificity. However, synthesize of Fucicoccin-A analogues has proven the be synthetically
challenging. Therefore, additional approaches for the discovery of 14-3-3 PPI stabilizers are
needed.
Detailed structural information of a fragment binding site at molecular level significantly
facilitates rational design of small-molecule stabilizers or inhibitors.19 Chapter 4 described a
crystallography-based fragment design for the identification of 14-3-3σ – p53 PPI stabilizers.
In order to achieve a specificity, the unusual binding mode of p53 peptide has to be taken
into consideration. Due to the unique amino acid sequence the C-terminal domain of p53
peptide occupies only 2/3 of the ligand binding pocket. Small-molecule stabilizers can bind
to the remaining space and form interactions with Glu-388 of p53 that is directed towards
the binding channel. These structural characteristics enable to design fragments that can
distinguish between the U-shaped binding mode of the tumor suppressor protein p53 from
proteins that bind to 14-3-3 in an extended conformation such as a transcriptional coactivator TAZ (Figure 6.2 A).22 Hence, the fragments targeting 14-3-3σ – p53 PPI interface
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were designed to bind in the shallow pocket in a desirable conformation and to make
contacts with the carboxyl group of Glu-388.

Figure 6.2. (A) Superimposition of the crystal structures of the p53pT387(pink sticks) and TAZpS89 (blue sticks)
(PDB 5N75) peptides bound to 14-3-3σ (gray cartoon). (B) Structure of AZ-022. The amine-terminated functional
group is surrounded by a red circle.

Although, co-crystallization trials of a potential small-molecule stabilizer AZ-022 were not
successful, docking studies predicted the flexible amine-terminated side-chain of the
fragment to reach towards the p53 peptide and form a salt bridge with Glu-388. Since the
TAZ peptide occupies the entire binding channel, AZ-022 is not expected to bind to 14-3-3σ
– TAZ interface. Although NMR, FP and SPR experiments all confirmed the AZ-022 induced
stabilization effect, further fragment design is necessary for the development of a potent 143-3σ – p53 PPI stabilizer. An extension of the amine-terminated functional group of AZ-022
to reach the p53 peptide would be a good starting point (Figure 6.2 B). A docking pose of ten
such fragments have been proposed and the synthesize of these fragments is currently
ongoing.
Structural studies have revealed that most of the proteins have several small-molecule
binding sites.23 This was further proved by fragment-screening approach that led to the
identification of two secondary binding sites on 14-3-3 that are located on top of 14-3-3
monomers.22 In Chapter 5, three more of these sites were described. Of them two are
located at the 14-3-3 dimerization interface. 14-3-3 exerts many of its important functions
as a homodimer.24 Therefore, small-molecule induced dissociation or association of dimers
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can be used to modulate 14-3-3 activity in disease related processes. Considering that 14-33 isoforms share a highly conserved amphiphatic ligand binding groove, targeting the
dimerization interface that differs between isoforms, may be a promising approach for
isoform specific targeting of 14-3-3 proteins.24 Increased expression of 14-3-3 has been
reported in several human cancers and cause resistance to anti-cancer treatment.25,26
Inhibition of dimerization disrupts the 14-3-3 regulated resistance to drug-induced
apoptosis and is a promising approach for sensitizing cancer cells to anti-cancer
treatment.24,27 This thesis described the discovery of dimerization stabilizers and inhibitors
that could serve a good starting point for further optimization of isoform specific PPI
modulators. However, additional experiments are needed to evaluate the isoforms specific
activity of identified fragments. In addition, further structural studies would help to shed light
on the binding mode of the fragments and provide useful information for subsequent
rational fragment design.

Conclusion
PPI modulation is a powerful approach in drug discovery. In addition to conventional
approaches, PPI stabilization has a great potential in targeting disease related processes.
However, detailed molecular characterization of PPI is essential for the design of biophysical
assays for identification of novel and selective PPI modulators. Combining fragment-based
drug discovery with knowledge of the molecular mechanism of the PPI enables a rational
design of selective PPI modulators. This thesis aimed to describe the potential of such
approach and provides a starting point for the development of PPI modulators.
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Characterization and Modulation of 14-3-3 Protein-Protein Interactions
Protein-protein interactions (PPIs) play an important role in many cellular processes. Their
mis-regulation is implicated in a number of human diseases making them attractive targets
in drug discovery. Although a modulation of PPIs is considered a challenging task, a significant
progress has been made using a fragment-based drug discovery approach. One of the most
interesting targets for PPI modulation is the family of 14-3-3 proteins that are involved in
many disease related processes. The aim of the thesis is to characterize 14-3-3σ – p53 PPI,
study the potential of small-molecule stabilization of this important PPI and explore
alternative approaches for the modulation of 14-3-3 activity in cancer therapeutics.
The tumor suppressor protein p53 is either mutated or inactivated in a majority of human
cancers, which makes it an attractive target in drug discovery. The 14-3-3 protein is induced
by p53 in a response to DNA damage and has been shown to increase p53 stability.
Therefore, the stabilization of 14-3-3 - p53 PPI might be a promising novel approach in
cancer therapeutics. The C-terminal region of p53 has been shown to bind to 14-3-3 in a
bent conformation and occupy only 2/3 of the entire binding groove. It has been
hypothesized that the remaining pocket could be targeted by small-molecule PPI stabilizers.
Chapter 2 demonstrated the potential of this approach by identifying Fusicoccin-A (FC-A) as
the first example of 14-3-3 - p53 PPI stabilizer.
Understanding protein-protein interactions at molecular levels is essential for the design of
new drugs. Chapter 3 focused on the characterization of 14-3-3 - p53 PPI by studying the
binding of different lengths of p53 peptides to 14-3-3. A combination of biophysical,
structural and computational studies indicated that the binding affinities of p53 peptides are
not correlated to their length but are rather related to the disordered character of p53 and
its propensity to form a turn conformation. The results shed light on structural characteristics
associated with peptide binding activities and emphasized the importance of careful peptide
design if they are to be used as protein mimics in drug discovery.
Chapter 4 employed a rational fragment design for the identification of small-molecules that
bind to and modulate 14-3-3 interaction with p53. A careful consideration of the p53
binding mode and structure-based fragment screening led to the discovery of AZ-022.
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Biophysical experiments identified the fragment as a 14-3-3σ-p53 PPI stabilizer. These results
further expand the knowledge of PPI stabilization and provide a good starting point for the
design and development of PPI stabilizers.
Chapter 5 explored alternative approaches for small-molecule induced modulation of 14-33 activity in cancer therapy. 14-3-3 is involved in cell-cycle arrest and enables cells to repair
DNA damage thereby allowing cancer cells to survive drug-induced cancer cell death. As 143-3σ mainly functions as a homodimer, the disruption of dimerization by small-molecules
could be a promising strategy to sensitize cancer cells to drug-induced apoptosis.
Crystallography-based screening described in Chapter 4 led to the identification of fragments
that bind to the dimerization interface and could be developed to 14-3-3σ dimerization
modulators.
In conclusion the work described in this thesis provides a molecular characterization of 143-3 – p53 PPI and demonstrates the importance of careful design and selection of synthetic
peptides as protein mimetics in drug discovery. In addition, an identification of a tool
compound and a small-molecule 14-3-3 – p53 PPI stabilizer were reported. Moreover,
alternative isoform-specific approaches in targeting 14-3-3 activity in cancer therapeutics
were described and explored.
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Karakterisatie en Modulatie van 14-3-3 Eiwit-Eiwit Interacties
Eiwit-eiwit interacties (PPIs) spelen een belangrijke rol in veel cellulaire processen. Hun
onjuiste regulatie is geassocieerd met verscheidene menselijke ziektes, hetgeen PPIs
aantrekkelijke doelwitten maakt voor de ontwikkeling van medicijnen. Hoewel de modulatie
van PPIs wordt beschouwd als een uitdagende opgave, is er toch significante vooruitgang
geboekt in het ontdekken van nieuwe medicijnen door fragmenten van kleine moleculen te
gebruiken. Een van de meest interessante doelen voor de modulatie van PPIs is de familie
van 14-3-3 eiwitten, aangezien deze betrokken is bij veel ziektegerelateerde processen. Het
doel van dit proefschrift is om de 14-3-3 – p53 PPI te karakteriseren, het potentieel van de
stabilisatie van deze PPI met kleine moleculen voor medicijnontwikkeling te bestuderen, en
alternatieve benaderingen voor het moduleren van 14-3-3 activiteit in kankertherapie te
onderzoeken.
Het tumorsurpressoreiwit p53 is gemuteerd of geïnactiveerd in de meeste vormen van
kanker bij de mens. Normaliter wordt het 14-3-3 eiwit geïnduceerd door p53 bij DNAschade en stabiliseert 14-3-3 het p53 eiwit. Het verbeteren van de PPI tussen 14-3-3 en
p53 is dus een veelbelovende strategie in kankertherapie. Het is aangetoond dat het gedeelte
aan de C-terminus van het p53 eiwit aan 14-3-3 bindt en maar tweederde van de gehele
bindingspositie inneemt. De hypothese is daarom dat het overgebleven bindingspositie het
doelwit kan zijn van kleine moleculen die de PPI stabiliseren. In hoofdstuk 2 is Fusicoccin-A
(FC-A) geïdentificeerd als eerst voorbeeld van een 14-3-3 - p53 PPI-stabilisator.
Ons begrip van eiwit-eiwit interacties op een moleculair niveau is essentieel voor het
ontwerpen van nieuwe medicijnen. Daarom richtte hoofdstuk 3 zich op het karakteriseren
van de 14-3-3 - p53 PPI door de binding van p53-peptiden met verschillende lengtes aan
14-3-3 te bestuderen. Een combinatie van biofysieke, structurele en computationele
studies wees uit dat de bindingsactiviteiten van p53-peptiden niet gecorreleerd zijn aan de
lengte, maar eerder verband houden met het ongeordende karakter van p53 en de neiging
van het p53 eiwit om een draai-conformatie te vormen. De resultaten geven opheldering
over de structurele eigenschappen die geassocieerd zijn met peptidebindingsactiviteit, en
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benadrukken het belang van het zorgvuldig ontwerpen van peptides als ze gebruikt zullen
worden als eiwitnabootsers bij het ontdekken van geneesmiddelen.
Hoofdstuk 4 past het rationeel ontwerp van fragmenten toe om kleine moleculen te
identificeren die binden aan de 14-3-3 interactie met p53 en deze moduleren. Een
zorgvuldige afweging van de bindende modus van p53 in het experiment gecombineerd met
op structuur gebaseerde fragmentscreening leidde tot de ontdekking van AZ-022. Biofysieke
experimenten identificeerden het fragment als een 14-3-3 - p53 PPI-stabilisator. Deze
resultaten verruimen de kennis van PPI-stabilisatie en bieden een goed startpunt voor het
ontwerp en de ontwikkeling van PPI stabilisatoren.
In hoofdstuk 5 werden alternatieve benaderingen onderzocht voor het moduleren van 14-33 activiteit met kleine moleculen voor gebruik in kankertherapie. 14-3-3 is betrokken bij het
stoppen van de celcyclus en stelt cellen in staat DNA-schade te herstellen, waardoor
kankercellen geneesmiddel-geïnduceerde celdood kunnen overleven. Aangezien 14-3-3
voornamelijk als homodimer functioneert, zou de verstoring van dimerisatie door kleine
moleculen een veelbelovende strategie kunnen zijn om kankercellen te sensibileren voor
apoptosis geïnduceerd door geneesmiddelen. De screening gebaseerd op kristallografie
zoals beschreven in hoofstuk 4 leidde tot de identificatie van fragmenten die binden aan het
dimerisatie-raakvlak, die tot 14-3-3 dimerisatie modulatoren kunnen worden ontwikkeld.
Concluderend biedt het werk dat in dit proefschrijft beschreven wordt een moleculaire
karakterisatie van de 14-3-3 - p53 PPI, en toont het het belang aan van zorgvuldig ontwerp
en selectie van synthetische peptiden als eiwitnabootsers in medicijnontwikkeling. Daarnaast
werd de identificatie van een ‘tool compound’ en een kleine molecuul 14-3-3 - p53 PPIstabilisator beschreven. Bovendien werden alternatieve isovorm-specifieke benaderingen
beschreven die zich richten op 14-3-3 activiteit in kankertherapie.
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