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Chapter 1

Introduction

Abstract

There are approximately 650,000 protein-protein interactions (PPIs) governing diverse signalling
pathways in the human organism. Targeting PPIs has become a common approach to tackle various
diseases since their misregulation in important pathways has been related to several human conditions,
providing insight into their therapeutic potential. First, different approaches can be used to modulate
PPIs. Initially, therapeutic effects were mostly sought by inhibiting PPIs. However, by gaining insight into
the mode of action of certain therapeutic compounds, it became clear that stabilising (i.e. enhancing) PPIs
can also provide a useful approach. The latter strategy is recently gaining a lot of attention, as stabilising
naturally occurring interactions, or even inducing novel interactions of a target protein with E3 ubiquitin
ligases forms the basis of the targeted protein degradation (TPD) approach. 14-3-3 proteins are a family
with an interactome of over 500 binding partners which facilitate many of the processes within the cell.
14-3-3 involvement has also been associated with ubiquitination and degradation pathways of certain
proteins, suggesting it could be possible to enhance or lower their degradation by modulating the 14-3-3

interactions which ultimately lead to an increased or decreased level of their ubiquitination.
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1.1 Protein-Protein Interactions

Proteins are the gearwheels that makes the complex cellular engine work. They are responsible for
most cellular biological processes in the cell such as signal transduction, expression and degradation of
other macromolecules, transport, motility and catalysis !. The overwhelming variety of functions
performed by these macromolecules is achieved by the high degree of structural complexity that the
twenty amino acids can provide. A simple strand of amino sequence can fold and generate secondary

structure motifs and three-dimensional domains that ultimately define their function.

In the last decades, a huge effort has been put into the sequencing of the protein-coding genes that
compose the human genome, settling on the order of magnitude of 20,000-25,000 genes 2. The proteome,
however, is far more complex considering that one gene can encode more than one protein. Although the
number is still the object of debate, the human proteome is estimated to be in the range of tens of
thousands to the hundreds of thousands of proteins 3. UniProt reports a count of 75,776 reviewed non-
redundant proteins ¢. Modifications among highly related proteins encoded by the same gene, like post-
translational modifications (PTMs), increase complexity and provide chemical diversity making the
association of a definitive number to the proteome extremely challenging 37. Although in the early days of
protein analysis the focus was mainly on single proteins, they rarely live out their life span without
interacting with other proteins to execute their function 8. This bring us to the concept of protein-protein
interactions (PPIs) and the protein interactome, which has been estimated to be around 650,000 protein
interactions 9. Attempts to define the types of PPIs have been described in the literature . Although it is
possible to distinguish PPIs in obligate/non-obligate complexes; transient and permanent complexes;
weak and strong interactions one must bear in mind that exceptions are more frequent than rules -1,
Reversible transient interactions are, however, extremely important for cellular processes and combined

with the reversible nature of PTMs provide an extremely sophisticated and fine-tuned machine .

Understanding of protein-protein interactions (PPIs) and protein complexes requires careful analysis

to fully comprehend their mechanism and have a chance of modulating their function.

1.1.1 The PPIs Modulation Challenge

From a drug discovery perspective, the sheer number of PPIs make them attractive therapeutic
targets. In fact, dysfunctions in PPIs have been correlated to many human diseases 2. A study mapping
the pharmacological space revealed that only a few hundred human proteins are targeted by orally
available small molecule drugs 3. The first three protein classes for which the majority of drugs have been
developed are enzymes, receptors and ion channels 4. On one hand this leaves a big gap that is waiting to
be filled with drugs targeting PPIs. On the other hand PPIs have always been considered challenging,
compared to the more conventional targets mentioned above 1516, Clearly defined features such as pockets
and grooves that regulate and modulate the function of enzymes and receptors are often lacking on the
more flat and broad surfaces formed by PPIs. Most often, there is also no starting point provided by a

natural ligand, as is commonly the case for an enzyme or receptor 1618,
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The elucidation of crystal structures of proteins and protein complexes combined with the alanine-
scanning mutagenesis approach helped to uncover the mechanisms and atomic structures of molecular
recognition sites, the so called “hot spots” 19-21. Hot spots are specific residues, often conserved, that
contribute to the majority of the binding free energies of protein complexes 2223, The most recurrent
residues found in hot spots are tryptophan, tyrosine and arginine 1922, The knowledge of the preferred

ways with which proteins interact has allowed the potential for rational drug design 5.

Despite the challenges of targeting PPIs, the last two decades have witnessed successful stories unfold,
bringing small molecules from their early discovery stage to the most advanced clinical trials 1824,
Examples of such stories can be found within the Bcl-2 family of proteins where the inhibitor
Navitoclax/ABT-263 (AbbVie) reached Phase II in cancer treatment by inhibiting the Bcl-xL/Bcl-2
interaction with BH3 domains of proapoptotic proteins like BAK and BAD (Figure 1.1a) 2526, The more
Bcl-2 selective compound Venetoclax/ABT-199 has been recently approved by the Food and Drug
Administration (FDA) for the treatment of chronic lymphocytic leukemia (CLL) 27. Another example in
the cancer area is the HDM2/p53 PPI disruptor Idasanutlin/RG7388 (Roche), a Nutlin analogue 28, which
progressed into Phase III (Figure 1.1b, the Nutlin analogue Nutlin-2 is displayed in the figure). Moving
from the cancer therapeutic area, Apabetalone/RVX-208 (Resverlogix) specifically inhibits the BET
bromodomains from interacting with the lipid ApoA1 protein 2930, This causes up-regulation of lipid

ApoA1, a long time therapeutic goal that helped the compound to reach Phase III (Figure 1.1c).

b) c)

Nutlin-2

R el .
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Figure 1.1 | Crystal and chemical structure of PPI inhibitors bound to their target. a) Sticks
and surface representation of the inhibitor ABT-263 bound to Bcl-xL (PDB ID: 4QNQ). ABT-263 chemical
structure is reported below. b) Sticks and surface representation of the inhibitor Nutlin-2 bound to MDM2
(PDB ID: 1RV1). Nutlin-2 chemical structure is reported below. c) Sticks and surface representation of the
inhibitor RVX-208 bound to a BRD4 domain (PDB ID: 4MR4). RVX-208 chemical structure is reported
below.
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The examples mentioned above are all PPI inhibitors. Inhibition is the first approach to PPI
modulation that has been addressed systematically and, to some extent, is the most intuitive. Inhibiting a
PPIin order to achieve a desired therapeutic effect is, however, not the only available path. More recently,
PPI stabilisation, has gained more and more attention from the scientific community. PPI stabilisation
has two key advantages over the more classical inhibitory approach. First, stabilisers can in theory afford
to be less potent compared to inhibitors as they do not have to displace any natural binder to achieve a
function, but rather enhance an already present interaction. Secondly, stabilisers often bind to a transient,
unique interface formed by two (or more) interacting proteins that contribute to an extremely selective
pocket that would minimise off-target effects 3133. A study performed on protein crystal structures
available in the Protein Data Bank (PDB) revealed some similarity between the cavities formed by PPIs
and the ones present on more conventional targets supporting the feasibility of the PPI stabilisation
approach 34. Moreover, compound libraries that historically have been designed with more conventional

targets in mind may still find utility in the search for stabilisers.

Interestingly, some small molecule stabilisers or molecular glues (an interchangeable concept) have
been present in disguise on the market for decades. The retrospective uncovering of their mechanism of
action has made molecular glues an area of investigation which is now gaining more and more attention
by both academia and the pharmaceutical industry 3536. An equally fascinating concept that overlaps with

molecular glues is targeted protein degradation (TPD) 37.

1.2 Molecular Glues and Protein Degraders: rising
stars in PPI modulation

Targeting PPIs by means of molecular glues can unlock the so far considered undruggable pool of

scaffolding, adaptor proteins and transcriptional factors that regulate many cellular processes 37:38.

1.2.1 Natural macrocycles as molecular glues

Among the first compounds identified as molecular glues were Cyclosporin A (CsA), Rapamycin and
FK506 (Figure 1.3) 35. These compounds all possess immunosuppressive activity acting as molecular glues
to inhibit T-Cell Activation. CsA binds to Cyclophilin and Calcineurin proteins leading to IL-2 inactivation
3940, FK506 forms a ternary complex with the proteins FKBP12 and Calcineurin inhibiting the enzymatic
phosphatase activity of Calcineurin 394°. Finally, Rapamycin glues the two proteins FKBP12 and mTOR,
inhibiting mTOR kinase activity (Figure 1.3) 4242, All three of these natural products have become clinically
important immunosuppressives to prevent transplant rejection and treat other auto-immune disorders.
These examples demonstrate the fundamental importance of exploiting molecular glues to modulate

cellular pathways and stimulate therapeutic outcomes.
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1.2.2 Protein degraders

Before discussing the most relevant protein degraders currently under study and the strategies

implemented by them, an introduction on the ubiquitin-proteasome system is due.

The UPS, ubiquitin-proteasome system, is an extremely sophisticated biological mechanism specific
to eukaryotic cells that can silence targeted proteins by degrading them (Figure 1.2) 43. Contrary to
phosphorylation, protein degradation is irreversible but alongside phosphorylation controls most of the
signalling pathways 44. The proteolysis of targeted proteins is triggered by a cascade of enzymatic reactions
carried out by three types of enzymes: an activating enzyme E1, a conjugating enzyme E2 and a ubiquitin
protein ligase E3 4345. Proteins are selected for degradation by small, 76-amino acid long, polypeptides
called ubiquitins that bind covalently on lysine of the targeted protein. The transfer of ubiquitin to the
target protein is facilitated by the enzymes E1 and E2. The E3 protein ligase facilitates the proximity
induced transfer of ubiquitin from E2 to the target protein (Figure 1.2) 4546, The cycle is repeated until at
least three ubiquitin proteins are linked to the targeted protein. This marks the protein for degradation
by the proteasome 45. Being such an essential controlling mechanism in substantially every biological
pathway of the cellular system, aberrations in the UPS can be related to many different human disease
areas like cancer, neurodegenerative diseases and immune system disorders 444748, The UPS is not only
being targeted directly to therapeutically address human conditions. It is also being exploited by
sophisticated, engineered synthetic molecules to reprogram protein degradation of selected target

proteins involved in therapeutically relevant pathways (Figure 1.2) 49.

Ub Ub 3 Ub Ub
E2 E2 E2 Ub
Ub
E3 E3 E3
UPS
Ub P \ ub Ub
E2 Ub E2 Ub
Ub . Ub
—» Degradation ==
E3 @B E3 @9
Monovalent degrader Bivalent degrader
Ub ub
Ub
E2 Ub
E3
V\/.
HyT

Figure 1.2 | Cartoon representation of the ubiquitin-proteasome system (UPS) and
strategies to therapeutically exploit it. In the ubiquitin-proteasome system a natural E3 ligase
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substrate (Sub) is recruited and polyubiquitinated. The ubiquitination targets the substate for
degradation. Artificial strategies have been shown to exploit the UPS for the degradation of desired
therapeutic targets. A couple examples are illustrated, such as the implementation of monovalent agents,
bivalent agents or hydrophobic tagging (HyT).

Targeted protein degradation by means of either monovalent or bivalent molecules is a rising strategy
in drug discovery. If compared to the more traditional inhibitors of protein function, protein degraders
require only a transient event for function in order to target the protein for degradation s°. They are also
free from the stoichiometric occupancy rule since they can be recycled immediately after the target has
been degraded. Functioning more like tags, they do not have to bind to specific “active” sites of the protein.
This allows to engage proteins so far considered undruggable 51. Moreover, a kinetic advantage is provided
by the fact that the target proteins have to be re-synthesised extending its duration of action and avoiding
potential feedback mechanisms that would trigger overexpression of an inhibited protein 5°. The
regulation of intracellular protein concentration can be achieved by other methods such as RNA
interference or antisense oligonucleotides 5253. A TPD approach however can provide the pharmacological

advantages of a small molecule drug consistent with the Lipinski Rule of Five 49.54,

Monovalent protein degraders

Direct protein degradation has been achieved by selective oestrogen degraders, SERDs, and selective
androgen receptor degraders, SARDs. The progenitor of these small molecules is the FDA approved drug
Fulvestrant used in breast cancer treatment (Figure 1.3) 55. The mechanism by which Fulvestrant acts as
an oestrogen receptor (ER) antagonist has only been discovered retrospectively. Fulvestrant is in fact
responsible of inducing conformational changes that increase hydrophobicity on the ER surface, targeting
it for degradation 557. A considerable amount of effort has been put into the development of both SARDs
and SERDs of either steroidal and non-steroidal origin and have been extensively reviewed 5859. Another
example of a monovalent degrader is ASTX660, a BIR3-binding domain IAP (inhibitor of apoptosis
protein) antagonist, which destabilises and induces cIAP degradation. This increases dimerization and
autoubiquitylation of the latter, restoring the apoptosis pathway (Figure 1.3) ¢°. Bcl6 is a transcription
factor of which dysregulation leads to conditions such as diffuse large B cell lymphoma (DLBCL). Small
molecules like BI-3802 have been shown to induce Bcl6 degradation, resulting in an inhibition of its

action in the disease progression (Figure 1.3) 6.

Monovalent small molecules acting as a molecular glue as well as a protein degrader are also known
and they are represented by the Imnmunomodulatory Imide drugs (IMiDs) and by the Splicing Inhibitor
Sulfonamides (SPLAMsS) class of molecules 59. Thalidomide, Lenalidomide (Figure 1.3) and Pomalidomide
(IMiDs) have all been identified as Cereblon (CRBN) binders. CRBN is the substrate receptor of an E3
ligase complex known as CRL4CRBN 62,63 TMiDs can recruit non-native substrates for the CRL4CREN complex
by acting as molecular glues, bridging interactions between CRBN and neo-substrates. Investigations on
the mechanisms of action of these molecules combined with the elucidation of crystal structures in which

these molecules have been co-crystallised, suggest that IMiDs induce conformational changes on CRBN
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making it capable of recruiting different substrates 64. Interestingly, these conformational changes appear
to be IMiDs-structure dependent, revealing a huge potential for this class of molecules. IMiDs have been
related to CRBN neo-substrates such as the lymphoid transcription factors Ikaros and Aiolos (IKZF1 and
IKZF3) resulting in IL-2 upregulation in T-cells 6566, IMiDs are also related to the Casein Kinase 1a of
which a crystal structure has been solved lately 64. Among the latest generation of IMiDs that have been

developed Avadomide (C-122) (Figure 1.3) is currently being tested in clinical trials for DLBCL treatment

67,

The last class of protein degraders with a small molecule molecular glue mode of action are the
splicing inhibitor sulphonamides (SPLAMs). Indisulam (Figure 1.3) has been reported to mediate the
recruitment of the RBM39 splicing factor to the CUL4-DCAF15 E3 ligase protein complex causing its

degradation. Indisulam has been proven effective as an anticancer agent 68.

Bivalent protein degraders

Bivalent protein degraders normally consist of two distinct chemical moieties required for the
molecule to function. The bifunctional aspect of these tools generally provides a modular action that can

be redirected on multiple targets, conferring a general transferability 37.

The first example of bivalent protein degraders exploits the natural recognition of hydrophobicity on
proteins of interest to target them for degradation. Partially folded proteins would display hydrophobic
portions on their surfaces as a result of an incomplete folding and are therefore naturally degraded. The
artificial inclusion of hydrophobic tags on proteins by means of small molecules can interfere with their
correct folding process, hence targeting them for degradation . Hydrophobic tagging can be achieved by
tagging small molecules with adamantane or BocsArg chemical moieties (Figure 1.3). For instance, an
adamantyl moiety has been linked to a ligand of kinase HER3, a therapeutic cancer target. The resulting
bivalent molecule TX2-121-1 has been shown to induce HER3 degradation via the proteasome pathway
70, BocsArg tagged ligands are also reported to induce degradation of targeted proteins such as GST-1 and
DHFR 7.

The second, and certainly one of the most ground-breaking technologies of the last decade is
represented by the Proteolysis Targeting Chimeras class of molecules or, more simply, PROTACs.
PROTAC:S are a class of bifunctional molecules designed and engineered for binding to an E3 ligase neo-
substrate and to an E3 ligase protein complex. They are normally an assembly of three components: first
a chemical moiety that binds to the desired protein to be degraded, second a chemical moiety that binds
to an E3 protein complex and third an artificial linker connecting these two binding motifs. The proximity
induced by the PROTACs agent, although it is not always a sufficient condition, causes the neo-substrate
to be polyubiquitinated and therefore targeted for degradation 72. The PROTACS strategy does not only
consist of bringing an E3 ligase and a target protein in proximity. Indeed, there are a variety of different
parameters such as the affinity of the “warheads” to their respective target; the length, the attachment
location and the chemical nature of the linker, and the choice of E3 ligase, that provide PROTACs with an
extremely high potential for target selectivity 73. The first synthetic PROTACs proof of concept was first
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described 20 years ago by Sakamoto et al. 74 in which an IkBa inspired phosphopeptide was linked to the
MetAP-2 protein antagonist OVA, generating the Protac-1 bivalent degrader. Protac-1 was in fact reported
to degrade MetAP-2 via ubiquitination by recruiting it on the SCFFTRCP Eg ligase protein complex. The
fact that MetAP-2 was not a substrate for SCFF-TRCP revealed the hidden potential of the PROTACs
approach 74. A second generation of PROTACs exploited non-peptidic, more drug-like small molecules to
recruit substrates to E3 ligases. Those could boast better stability and cellular permeability 73. So far, the
E3 ligases that have been involved in the PROTACs approach for targeted degradation are MDM2, IAP1,
VHL and CRBN 7. The major success came from the recruitment of the E3 ligases VHL and CRBN that
gave birth to the PROTACs molecules MZ1 76 (first ternary crystal structure: Brd48°2/MZ1/VHL) (Figure
1.3), ARV-771 77 and ARV-825 78. The PROTACs molecules were engineered to degrade ERRa, RIPK2,
Brd4/3/2 75 and other targets not listed here.

As a concluding remark, a recent work has demonstrated how bivalent molecules can be exploited to
modulate post-translational modifications other than ubiquitination 79. Yamazoe et al. developed tool
compounds, Phosphatase Recruiting Chimeras (PhoRCs), able to hijack the protein phosphatase-1 (PP1)
to dephosphorylate the oncogenic kinases EGFR and AKT 7. Although far from being a mature approach,

the ability to modulate phosphorylation intracellularly represents an attractive strategy for the future 8o.
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Figure 1.3 | Examples of protein degraders and molecular glues mentioned in this chapter.
The circle graph in the middle highlight how the molecular glues and protein degrader mechanism of
action sometimes overlap like in the case of PROTACs, IMiDs and SPLAMs. Ternary
Rapamycin/FKBP12/mTOR complex (1FAP) 81 Ternary MZ1/ Brd48P2/VHL complex (5T35) 76. Ternary
Lenalidomide/CK1a/CRBN complex (5FQD) 64. Ternary AMP/14-3-3/ChREBP complex (5F74) 82.
Ternary FC-A/14-3-3/PMA complex (2098) 83. Ternary Pyrrolidone1/14-3-3/PMA2 complex (3M51) 84.
Binary ASTX660/XIAP-BIR3 complex (50QW) 8s. Binary BI-3802/Bcl6 complex (5MW2) 61,

1.3 The 14-3-3 protein family

A class of proteins on which extensive small molecule modulation work has been performed in the
last decades, are the regulatory family of proteins collectively referred to as 14-3-3. In the next section we
will briefly cover general aspects of the 14-3-3 protein family, stabilisers of 14-3-3 protein interactions and

the involvement of 14-3-3 proteins in ubiquitination pathways.

1.3.1 14-3-3 proteins structure and biology

14-3-3 proteins are one of the most abundant families of adaptor proteins in eukaryotic cells. By
definition, they do not possess any enzymatic activity but rather act as hub proteins contributing to signal
transduction by facilitating the formation of transient signalling protein complexes 887, 14-3-3 proteins
were first identified as part of calf brain proteins and owe their name to a specific migration pattern on
DEAE cellulose chromatography and starch gel electrophoresis 88. Depending on the organism, a lower or
higher number of 14-3-3 isoforms can be detected. To date, seven different isoforms have been identified
in humans (B, €, 1, v, T, {and o). An initial number of nine was claimed but two isoforms turned out to be
phosphorylated versions of already existing isoforms 89. Extensive research on 14-3-3 proteins led to the
discovery of their presence among a considerable number of different cellular pathways such as
modulation of catalytic enzymes 9091, regulation of protein subcellular localization 92, regulation of the
cytoskeleton 93, apoptosis and cell cycle regulation 94-9%. Moreover, the 14-3-3 interactome is currently
estimated to be around 500 binding partners 97. Being such a ubiquitously present class of molecules, 14-
3-3 proteins are found in most of human tissues and therefore they are involved in many human diseases
98, 14-3-3 is extremely highly expressed in brain tissue; hence it has been detected in neurofibrillary
tangles bound to Tau in Alzheimer’s disease affected patients 99. Moreover, 14-3-3 has been associated
with Lewy body formation in Parkinson’s disease ©°. 14-3-3 presence has also been well document in

many types of cancer 101,

The first crystal structure of 14-3-3, 14-3-3¢, was released in 1995 by Liu et al. 122 and helped in the
elucidation of the 14-3-3 mechanism of action. From a structural perspective, 14-3-3 proteins are dimeric
highly a-helical proteins. 9 a-helices spaced out by short loops constitute one monomer which is bound
to the second monomer in an antiparallel fashion 3. The dimerization process, either by
heterodimerization or homodimerization, is controlled by salt bridges (Arg18/Glu89, Asp21/Lys85, and
Glus/Lys74) and hydrophobic contacts between monomers '°4. The binding of target proteins to 14-3-3
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occurs via recognition of one of 3 specific phosphorylated motifs on the binding partner: mode I)
RSXpS/pTXP, mode II) RXY/FXpS/pTXP and mode III) pS/pTX1-2-COOH (X: any residue; p:
phosphorylation) (Figure 1.4a) 105106, 14-3-3 proteins engage their binding partners using two
amphipathic grooves which are extremely conserved among the isoforms. More solvent exposed residues
possess a higher degree or variability and the C-terminal tail is extremely variable and disordered (Figure
1.4a) 3. Over the last two decades the number of crystal structures of 14-3-3 proteins bound to their
targets increased exponentially, providing valuable insights in both the understanding of the 14-3-3
binding mechanism and the possibility of modulating 14-3-3 PPI with small molecules 1°7. However, the
representation of 14-3-3 binding partners is mostly limited to short synthetic phosphorylated peptides
(Figure 1.4a) and to date, only 6 crystal structures with full-length or partially truncated proteins are
deposited in the PDB. 5 of these structures were solved by protein crystallography and 1 by cryo-electron
microscopy (Figure 1.4b-g) 1°8. The high intrinsic disorder present in most of the 14-3-3 binding partners

represents an obstacle in routinely solving these structures 109.110,

14-3-3 monomer

@ highly conserved residues
@ binding-involved residues

Figure 1.4 | 14-3-3 monomer structure and structures of 14-3-3 in complex with full-length
or partially truncated proteins. a) An example of 14-3-3 in complex with a synthetic phosphorylated

11
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peptide, in this case derived from p53 shown in yellow sticks, engaging the 14-3-3 binding groove. Poorly
conserved residues among the 14-3-3 isoforms are shown as white surface, while highly conserved
residues are shown as ruby red surface. The residues shown as cyan surface are essential for interacting
with binding partners. b) 14-3-3/H*ATpase binary complex (PDB ID: 2098) 83, ¢) 14-3-3/B-Raf binary
complex (PDB ID: 6UAN) ', d) 14-3-3/Hd3a binary complex (PDB ID: 3AXY) 12, e) 14-3-3/HSBP6 binary
complex (PDB ID: 5LTW) 113, f) 14-3-3/AANAT binary complex (PDB ID: 1IB1) %. g) 14-3-3/NTH1 binary
complex (PDB ID: 5N6N) 14,

1.3.2 14-3-3 molecular glues

The stabilisation of 14-3-3 PPIs has been the focus of many academic early stage drug discovery
projects in the last decades. The inspiration came, as in most cases, from nature. The wilt-inducing toxin
Fusicoccin-A (FC-A), a diterpene glycoside produced by the Phomopis amygdali fungus, was first isolated
in 1964 15. Like the Rapamycin case discussed before, the elucidation of the FC-A binding mechanism and
finding it was acting as a molecular glue happened retrospectively. FC-A was in fact identified as a binder
of the protein complex composed of 14-3-3 and the regulatory domain of the plasma membrane H+-
ATPase (PMA) (Figure 1.3) u6. FC-A activates plant plasma membranes by stimulating H* pumping which
leads to wilting. This mechanism was characterized structurally in 2007 8317, The disclosure of the FC-A
mechanism allowed it to be used as a valuable tool to stabilise other 14-3-3 PPIs, including in human cells.
One example is the stabilisation of the 14-3-3/ERa complex, which results in the inhibition of ERa
transcriptional activity 8. Another example is the 14-3-3/CFTR interaction for which stabilisation results
in increased CFTR trafficking to the cell membrane 19. A structurally related compound to FC-A is
Cotylenin-A (CN-A). It has been reported to possess anti-tumour activity in a few human cancers (Figure
1.3) 20121, 14-3-3 has been reported to be a cofactor for Raf kinase activity and a published structure of
CN-A bound to the 14-3-3/Raf complex provided useful insight as to how CN-A can provide antitumor

activity 122123,

Non-natural stabilisers of 14-3-3 PPIs were also discovered. The main example is Pyrrolidone1, which
was identified by an HTS conducted on the 14-3-3/PMA2 complex using a surface-based format 84. A more
potent molecule derived from the optimisation of Pyrrolidone 1, Pyrazole3y (Figure 1.3), was identified
later by converting the Pyrrolidone1 moiety to a more rigid one 24. Another example is the adenosine
monophosphate molecule AMP which has been reported to directly stabilise the 14-3-3/ChREBP PPIL. An
interesting feature of this PPI is that it also occurs via non-phosphorylated ChREBP. A crystal structure
reveals that AMP engages the 14-3-3 binding groove with a phosphate that also bridges the interaction
with ChREBP (Figure 1.3) 82. 14-3-3 proteins regulate ChREBP subcellular localization upon changing
glucose levels 125. Routes to develop more potent and specific versions of these molecules have been

pursued and the field is rapidly moving forward 126-128,

In particular, fragment-based approaches for the identification of 14-3-3 PPI stabilisers have seen a
considerable amount of progress in the last few years 129130, 14-3-3 proteins in complex with short
phosphorylated peptides have demonstrated to be a binary system highly amenable to crystallisation. It
is therefore very suitable for structural fragment-based approaches. Recently, methods have been

developed that allow the discovery of fragments binding covalently (tethering) to complexes of 14-3-3 and
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phoshopeptides derived from binding partners via disulphide or aldimine bonds. As some of these
fragments demonstrate stabilisation of the targeted 14-3-3 interaction, they provide promising starting

points for the development of non-covalent stabilisers 131132,

1.3.3 14-3-3 in the context of protein degradation

The role of 14-3-3 proteins in protein degradation and ubiquitination pathways has not been studied
systematically but a few examples are reported in which 14-3-3 is, to different degrees, involved in protein

degradation and ubiquitination pathways.

14-3-3Yy has been reported to play a crucial scaffolding role in the cell cycle DNA damage checkpoint
pathway. 14-3-3y in fact mediates the interaction between the Chki kinase, upon its autophosphorylation
on Ser296, and the Cdc25A phosphatase. This induces Cdc25A phosphorylation on Ser76, a site that
appears to regulate its ubiquitination and degradation 33. The degradation of Cdc25A inhibits mitotic
entry upon DNA damage 4. This example describes the scaffolding action of 14-3-3 proteins. Although
the scaffolding mechanism has been described, this specific 14-3-3 mode of action has not been widely
reported and a structural confirmation is yet to come 103.108, 14-3-3 proteins also play a role in ubiquitin-
independent protein degradation as in the case of the kinase inhibitor p21 by directly promoting its
interaction with the 208 proteasome. The downregulation of p21 associated with 14-3-3 overexpression is
correlated with shorter breast cancer patient survival 5. The interaction between 14-3-3 proteins and
deubiquitinating enzymes (DUBs) has also been reported. Specifically, 14-3-3 was shown to inhibit the
catalytic activity of UBPY 136, The 14-3-3 and UBPY interaction has been described in the context of the
Cushing’s Disease (CD) where mutations of the UBPY gene lead to an impaired 14-3-3/UBPY interaction
and upregulation of EGFR signalling, ultimately culminating in CD symptoms 37138, In the context of the
Hippo pathway, LATS1/2 kinases phosphorylate the transcriptional regulator factors YAP and TAZ
allowing the docking of 14-3-3 proteins to their phosphorylation sites. The binding of 14-3-3 proteins
induces cytoplasmic retention of YAP and TAZ where a subsequent phosphorylation by Casein kinase 15/¢
triggers the recruitment of the SCF E3 ubiquitin ligase which leads to the degradation of YAP and TAZ
139,140, In this case 14-3-3 acts more coordinatively to inhibit YAP and TAZ oncogenic activity by spatially
controlling their localization 4. Interestingly, 14-3-3 proteins have also been reported to shield proteins
from degradation by occluding their ubiquitination sites, an opposite scenario of what was discussed
above. An example is the interaction with the Cdt2 protein, an important regulator of cell proliferation
which is upregulated in a few human cancers. 14-3-3y interacts with Cdt2 shielding it from ubiquitin-
mediated degradation. This results in cell cycle progression 42. Another protein target that has been
suggested to benefit from 14-3-3 ubiquitination shielding activity are the FOXO family of transcriptional
factors. They are involved in apoptosis regulation, cell-cycle progression, and oxidative stress resistance
143, One type of FOXO regulation occurs via AKT phosphorylation which results in FOXO translocation
from the nucleus to the cytoplasm. In the cytoplasm higher expression FOXO3 levels has been correlated
to increased expression of 14-3-3 explained by 14-3-3 having a role protecting FOXO3 from either
dephosphorylation and degradation 4445 . Examples where 14-3-3 is itself object of degradation are also

reported but these lie outside of the aim of the discussion.
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In T-cell receptor (TCR) and B-cell receptor (BCR) signalling, 14-3-3 proteins have been recently
correlated to phosphorylation driven negative feedback mechanisms that, in some cases, are related to
ubiquitination pathways. The adaptor proteins SLP76, BLNK and BTK are in fact reported to undergo
ubiquitination and consequently degradation upon 14-3-3 binding, leading to attenuation of the immune
response 46149, Interestingly, the loss of the phosphorylation responsible for the engagement of 14-3-3
with these proteins reduces their degradation. The elucidation of these three mechanisms has not been
fully elucidated, however the remarkable similarities between these targets highlights the strong role of
14-3-3 in these pathways. In the case of GADS, once again 14-3-3 has been suggested to scaffold the
formation of a ternary complex with SLP76 which modulates the immune response. Although this specific
target has not been linked to the ubiquitination pathways yet, its degradation as a consequence of 14-3-3
binding has not been excluded 5°. An extensive description of the mechanism between 14-3-3 proteins
and the targets mentioned in this paragraph is reported in Chapter 2 for BLNK, Chapter 3 for SLP76 and

Chapter 6 for GADS in which an insight into the structural basis of these interactions will also be provided.

Although the mechanisms by which 14-3-3 proteins interfere with the UPS and protein degradation
is not completely understood yet, modulating 14-3-3 PPIs represents an intriguing new opportunity for

the indirect modulation of protein degradation.
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1.4 Aim and Outline of the Thesis

The modulation of PPIs represents a challenge for the drug discovery field and offers the potential for
therapeutic intervention in many human conditions. In Chapter 1 of this thesis, the importance of PPIs
and the challenges that come with modulating their function are extensively covered. The approaches to
address modulation of PPIs are many, but recently more and more attention has been given to stabilising
PPIs with molecular glues to achieve therapeutic effects. Targeting proteins for degradation (TPD) is
another emerging approach currently attracting intense interest to modulate signalling pathways. 14-3-3
proteins and certain proteins in their interactome could provide an interesting area of research to bridge

the PPI stabilisation and TPD approaches.

The major objective of this thesis was to identify novel stabilisers of therapeutically interesting 14-3-
3 PPIs which could form the basis of future research in this area with the intriguing possibility of an
alternative approach to promote protein degradation. To achieve this, the thesis workflow and aims are
organised on different levels. On the first level, 14-3-3 interactions were studied with synthetic peptides
in structural and biophysical experiments of several candidate proteins with the principle focus on SLP76
and BLNK. These are two adaptor proteins with key roles in TCR and BCR cell signalling respectively and
both interact with 14-3-3 in a highly similar fashion. On a second level, larger protein constructs of these
proteins were generated in preparation for the third level, which consisted of the development of an HTS
screening methodology for the identification of small molecule modulators of a specific 14-3-3 PPI. The
HTS screening methodology focused on these protein constructs rather than small phospho-peptides
more typically used in the 14-3-3 field to date. The intent was to screen using more physiologically relevant
constructs and provide an opportunity to discover 14-3-3 modulators beyond the canonical 14-3-3
phospho-peptide binding site. If successful, this could provide an approach of general utility to the 14-3-
3 filed.

Chapter 2 is dedicated to the structural and biophysical characterization of the 14-3-3/BLNK PPI.
BLNK is an adaptor protein involved in the signalling pathway downstream of BCRs which modulates the
immune response. A negative feedback mechanism reveals that BLNK is targeted for degradation after
interaction with 14-3-3 proteins. The work reported in this chapter studies the interaction between 14-3-
3 and BLNK, focusing on two BLNK phosphorylation sites which suggest the existence of a gate-keeper

model of interaction.

Chapter 3 reports on the study of SLP76, a remarkably similar target to BLNK. In contrast to BLNK,
SLP76 orchestrates the signalling downstream of TCRs but similarly interacts with 14-3-3 and modulates
the immune response. The insight into the interaction is provided by X-ray crystallography, FP and ITC
confirming the importance of the SLP76 Ser376 residue. A full-length protein and a truncated version of
SLP76, containing an SH2 domain, are generated and the binding with 14-3-3 was characterised.
Particular attention is given to the SLP76-SH2 construct which will prove essential for the next chapter.

A precise determination of Kp and stoichiometry is in fact being carried out against 14-3-3y.
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In Chapter 4, the BLNK-SH2 and SLP76-SH2 construct generated in the previous chapters were
used to develop a TR-FRET based assay against 14-3-3y with the intent of implementing a High
Throughput Screening campaign (HTS). In Chapter 5, the results of an HTS of a chemically diverse
20,000 small molecule library on the 14-3-3y/SLP76-SH2 system is reported. Multiple novel stabilisers
were identified and will be disclosed as promising modulators of the 14-3-3y/SLP76-SH2 PPI. A library
of derivative molecules is also screened against the same system. The orthogonal testing of the identified
compounds on the 14-3-3y/SLP76pS376 peptide system suggests that several of the compounds do not
engage the known 14-3-3 pocket.

Chapter 6 and Chapter 7 carries on with an extensive characterisation of other 14-3-3 binding
partners: GADS, Chapter 6, and Schnurrig (SHN3), Chapter 7. While for GADS, an adaptor protein
involved in the immune response signalling, the interaction with 14-3-3 was already known, that was not
the case for the bone regulator protein SHN3. The characterization techniques involved were X-ray
crystallography, FP and ITC. Three novel crystal structures of 14-3-30 with synthetic peptides are
described. Moreover, the SHN3pS452 case forms a disulphide bond with 14-3-30 which is a finding to
take into consideration when planning further studies on this target. A preliminary expression and
solubility test of a few constructs was performed on GADS and SLP76. Finally, biophysical data of the

constructs generated as part of the entire work are reported.

The epilogue analyses the challenges and limitations of the work presented in this thesis.
Additionally, it focuses on the work that has been performed on the 14-3-3/SLP76 PPI on a cellular level
exploiting Flow Cytometry Technology. A few of the compounds identified as part of the HTS process were
tested in Jurkat Cells to assess if they had functional activity. This part of work is in its early days and will
certainly need a follow-up to confirm whether the compounds identified in this work can promote

proteasomal degradation of SLP76 in vivo.
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Chapter 2

A Biophysical and Structural Analysis of the
Interaction of BLNK with 14-3-3 Proteins

Abstract

B-cell linker protein (BLNK) is an adaptor protein that orchestrates signalling downstream of B-cell
receptors. It has been reported to undergo proteasomal degradation upon binding to 14-3-3 proteins.
Here, we report the first biophysical and structural study of this protein-protein interaction (PPI).
Specifically, we investigated the binding of mono- and di- phosphorylated BLNK peptides to 14-3-3 using
fluorescent polarization (FP) and isothermal titration calorimetry assays (ITC). Our results suggest that
BLNK interacts with 14-3-3 according to the gatekeeper model, where HPK1 mediated phosphorylation
of Thr152 (pT152) allows BLNK anchoring to 14-3-3, and an additional phosphorylation of Ser285 (pS285)
by AKT, then further improves the affinity. We have also solved a crystal structure of the BLNKpT152
peptide bound to 14-3-30. Finally, we test the binding of four recombinant, phosphorylated BLNK protein
constructs to 14-3-3 proteins. These constructs could serve as important tool for compound discovery

programs aiming to modulate the interaction with 14-3-3, or other BLNK binding partners.

Part of this work has been published as: Soini, L., Leysen, S., Davis, J. & Ottmann, C. A biophysical and
structural analysis of the interaction of BLNK with 14-3-3 proteins. J Struct Biol 212, 107662.
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2.1 Introduction

B-cell linker protein, also known as BLNK, is a 50 kDa adaptor protein expressed in B-cells. It is
composed of three different regions: a N-terminal acidic region, a central proline rich domain (mostly
disordered) and a C-terminal SH2 domain ! Following antigen mediated B-cell receptor (BCR)
stimulation, BLNK is phosphorylated by protein tyrosine kinases (PTKs), and then recruited to the cell
membrane where it orchestrates and activates a subset of proteins e.g. GRB2, VAV, BTK, NCK, PLCy2 and
HPK1 via formation of a multimolecular complex 23. The formation of this protein complex stimulates
downstream effectors such as the nuclear factors NF-kB and NFAT 45, and is crucial for Ca2+ flux

regulation 68 and cytoskeleton reorganization 9.

Importantly, a negative feedback regulation mechanism attenuates BCR signalling through HPK1
induced phosphorylation of BLNK residue Thri52 . Hematopoietic progenitor kinase 1 (HPK1) is a
Ste20-like serine/threonine kinase that is activated upon antigen stimulation of BCRs 3. HPK1
downregulation leads to an increase in the immune response of antigen immunized mice, making them
prone to develop autoimmune diseases 415. Also, downregulation of HPK1 is linked to the human
autoimmune disease lupus erythematosus 6. Wang et al. showed that the HPK1 induced phosphorylation
of BLNK at Thri52 induced its association with 14-3-3, leading to BLNK ubiquitination by an as yet
unidentified E3 ligase, and subsequent proteolytic degradation . Mohammad et al. suggested that
phosphorylation at Ser285 by AKT could also contribute to the interaction of BLNK with 14-3-3 7.

14-3-3 proteins are a family present in all eukaryotic cells. Humans have seven highly conserved
isoforms named: B, v, €, ¢, n, 0, T 1819, They are adaptor proteins that perform important biological roles
within cells, one of which is either to mask or expose ubiquitination sites 02021, 14-3-3 are highly helical,
dimeric proteins that contain two symmetrical amphipathic binding grooves, which accommodate mostly
Ser/Thr-phosphorylated binding motifs of their partner proteins 822, The presence of two or more
cooperative Ser/Thr interaction sites on a 14-3-3 target protein, is a well-established concept, commonly

»

described as the “gatekeeper model” 2324, When multiple sites situated on the same polypeptide chain,
bind individually to 14-3-3 it is usually possible to distinguish a high affinity (“gatekeeper”) and a low
affinity site, with the latter often too weak to establish contact with 14-3-3 by itself. However, when the
two sites bind simultaneously, after the gatekeeper has provided the anchor point, the weak site is able to
interact with the second 14-3-3 monomeric unit, thereby enhancing the binding affinity dramatically 25.
The presence on BLNK of two potential 14-3-3 interaction sites therefore makes a detailed study of its

binding mechanisms important to understand BLNK signalling pathways downstream of the BCR.

In this work, we probe the presence of a gatekeeper model between 14-3-3 and synthetic mono- and
di- phosphorylated BLNK peptides, using a combination of structural and biophysical characterization
techniques. In addition, we studied the interaction of BLNK with two 14-3-3 isoforms using four

recombinant BLNK protein constructs.
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2.2 Results and Discussion

2.2.1 Thri52 is the gatekeeper controlling the interaction of BLNK with 14-3-3

Since production of recombinant proteins with site specific phosphorylation can be challenging, a
successful approach to facilitate investigations of 14-3-3 PPI, is to use synthetic phosphorylated peptides
that represent the partner protein’s 14-3-3 binding motif 26.

The BLNKpT152 peptide was designed starting from the native BLNK protein sequence. A total length
of 12 amino acid residues was chosen to mimic the 14-3-3 anchor point: ARLTSpT152LPALTA (Figure
2.1a). The peptide was synthesized and purified in an acetylated N-terminal version and in a FITC-labelled
N-terminal version for ITC and FP measurements respectively. To prove that the peptide is indeed a 14-
3-3 binder, a FP ligand binding assay was performed against all 7 human 14-3-3 full-length isoforms
(Figure 2.1b). All 14-3-3 isoforms interact with the BLNKpT152 peptide and showed affinities covering a
range between 1 and 40 pM, ranked in the following order (strongest to weakest): y>n>f>{>e>1>
0. This only partially corresponded with the trend previously reported in literature: y>t>n>¢e>f> 0o
> ¢, 10. The comparison of both trends, however, must be done cautiously considering they were obtained
using very different techniques (i.e. BLNKpT152 peptide in FP/ITC vs cellular BLNK in GST pulldown
assays). Still, both trends agreed with 14-3-3y as the isoform with the highest affinity. 14-3-3y was
consequently used for all the following comparative studies, giving more practical assay conditions to
work with. To further validate the assay, a dose-response inhibition was performed on the 14-3-
3y/BLNKpT152 system exploiting the known 14-3-3 inhibitor R18 27 (Figure S 2.1a). A progressive drop
in polarization values, proportional to the increase in R18 concentration, was observed. This confirms
BLNKpT152 specificity for the 14-3-3 binding sites. In addition, a direct ITC binding assay was performed
to orthogonally confirm binding of the BLNKpT152 peptide to the y (Figure 2.2), ¢ (Figure S 2.2) and o
(Figure S 2.2) 14-3-3 isoforms. The binding ranking between the 14-3-3 isoforms was also confirmed by

ITC: y > > o (Figure 2.2), (Figure S 2.2).
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Figure 2.1| Fluorescence polarization binding of the BLNK peptides (BLNKpT152,
BLNKpS285 and BLNKpT152pS185) to 14-3-3 proteins. a) Representation of BLNK protein.
Sequences of the peptides used in this study, and cartoon representation of the gate-keeper model. b) FP
assay of all 14-3-3 isoforms binding to BLNKpT152. Kp values are reported with their standard error. c)
FP assay showing the binding curves of the peptides BLNKpT152, BLNKpS285 and BLNKpT152pS185
binding to 14-3-3y. Kp values are reported with their standard error.

To investigate the hypothesis that BLNK and 14-3-3 interact via the gatekeeper model, two more

peptides were designed and obtained in N-terminal FITC-labelled and acetylated versions: BLNKpS285

and BLNKpT152pS285. Like the BLNKpTi152 peptide,

BLNKpS285 is 12 residues long:

28



A Biophysical and Structural Analysis of the Interaction of BLNK with 14-3-3 Proteins

RHRGSpS285HRQEAV (Figure 2.1a). The BLNKpT152pS285 peptide contains the BLNKpT152 and
BLNKpS285 peptides sequences linked by an artificial GSGGSG linker:
ARLTSpT152LPALTAGSGGSGRHRGSpS285HRQEAV (Fig. 1a). The binding to 14-3-3 of the
BLNKpS285 and the BLNKpT152pS285 peptides was tested in an FP ligand binding assay against the 14-
3-3y isoform (Figure 2.1c). The binding to the other 14-3-3 isoforms was also tested (Figure S 2.3). The
peptides are ranked according to their affinity to 14-3-3y (strongest to weakest): BLNKpT152pS285 >
BLNKpTi152 > BLNKpS285. The data suggest that the BLNKpS285 is the weak site (its Kp can only be
approximated) and BLNKpT152 is the gatekeeper site. When the two sites are combined in a single,
double-phosphorylated peptide, BLNKpT152pS285, the affinity increased 37-fold compared to
BLNKpT152 alone, and 110-fold, compared to BLNKpS285. The data from the BLNKpT152pS285 peptide
were analysed using a one-site and two-site model. As expected, a two-site binding model is a better fit
for the doubly phosphorylated peptide, supporting two distinct binding events with estimated Kp high and
low values of 28 nM (+ 3.5 nM) and 1.9 uM (+ 2.1 uM) respectively (Figure S 2.1b). However, for
illustrative purposes we include results from all 3 peptides using a one-site model to enable an easy
comparison of the data which shows a left-shift of binding curve for BLNKpT152pS285 with an apparent
Kb of 37 nM (+ 3.3 nM) (Figure 2.1¢).

The binding was orthogonally confirmed performing a direct ITC binding assay of the peptides against
14-3-3y (Figure 2.2). The Kp’s derived by ITC were highly consistent with the FP data confirming the
affinity ranking of the three peptides to 14-3-3y: BLNKpT152pS285 > BLNKpT152 > BLNKpS285. The
estimated Kp values are 27 nM (£ 6.7 n1M), 1.5 uM (+ 19 nM) and 39.7 uM (& 6.69 uM) respectively (Figure

2.2).
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Figure 2.2| Isothermal titration calorimetry binding of the BLNK peptides (BLNKpT152,
BLNKpS285 and BLNKpT152pS185) to 14-3-3 proteins. ITC measurements for binding of
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peptides BLNKpT152, BLNKpS285 and BLNKpT152pS185 to 14-3-3y. Kp values are reported with their
standard error.

Additionally, it can be noticed that in the mono-phosphorylated cases the stoichiometry is close to 1,
where in the di-phosphorylated case the stoichiometry is close to 0.5. When the stoichiometry is 1, two
identical copies of mono-phosphorylated peptides occupy two identical grooves on one 14-3-3 dimer.
When the stoichiometry is 0.5, one copy of di-phosphorylated peptide occupies two grooves on one 14-3-
3 dimer, one for each site. This observation strongly suggests that the weak site pS285 is responsible for
the increase in affinity of the BLNKpT152pS285 and that the two phospho-residues engage the 14-3-3

dimer binding grooves simultaneously (Figure 2.1a).

2.2.2 Crystal structure of the 14-3-36/BLNKpT152 complex

To structurally elucidate the binding between 14-3-3 and the BLNKpT152 peptide, X-ray protein
crystallography was applied. 14-3-30 was used since this isoform is known to readily produce high-
resolution diffracting crystals. Furthermore, 14-3-3 isoforms are highly conserved in the amphipathic

binding groove responsible for the interaction with partner proteins.

The crystals diffracted to a resolution of 1.88 A and the structure was solved by molecular replacement
using the structure of 14-3-30 in complex with the YAPpS127 peptide (PDB ID: 3MHR) 28. All data
collection and refinement statistics are reported in (Table S 2.1). 14-3-30 crystallised in the typical space
group C2221, with one monomer present in the asymmetric unit (ASU) (Figure 2.3a). The BLNKpT152
peptide could be modelled within the 14-3-30 amphipathic binding groove with clear electron density for
8 of its 12 amino acids (Figure 2.3b). The binding of BLNKpT152 in the 14-3-3 binding groove is consistent
with other 14-3-30/phospho-peptide structures deposited in the PDB. Some examples are the complexes
14-3-30/LRRK2pS910 (PDB ID: 5MYC) 29, 14-3-30/p53pT387 (PDB ID: 5MHC) 30, 14-3-30/YAPpS127
(PDB ID: 3SMHR) 28 and 14-3-306/PADI6pS446 (PDB ID: 4DAT) 3. The crucial anchor points of the peptide
to 14-3-3 is provided by the residues buried in the 14-3-3 binding groove (Figure 2.3c): Lys49, Args6,
Tyr130 and Argi29 which interact via polar bonds with pThri52 on the peptide. Polar bonds are also
provided by Lys122, Asn175 and Glu182 of 14-3-3 that bind the far ends of BLNKpT152 at Pro154, Ser151,
Thri50 and Arg148 respectively. Additional hydrophobic contacts are generated on the upper part of the
amphipathic binding groove by the residues Ile219, Leu222 and Leu229 of 14-3-3 with Leu153 and Leu159
of BLNKpTi52 respectively (Figure 2.3c). The combination of biophysical assays and X-ray
crystallography establish the BLNKpT152 peptide as a 14-3-3 binder.
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Figure 2.3 | Crystal structure of the 14-3-306/BLNKpT152 binary complex at a 1.88 A
resolution. a) Surface representation of the ASU of the 14-3-30/BLNKpT152 crystal structure. The 14-
3-30 monomer and the BLNKpT152 peptide are displayed in grey and yellow surfaces, respectively. b)
2F,-F. refined map contoured at 0=1 of the BLNKpT152 peptide. Interpretable residues are highlighted in
yellow cases. ¢) Representation of the BLNKpTi52 peptide (yellow sticks) bound to the 14-3-30
amphipathic groove (grey cartoon). Polar contacts are represented as black dotted lines and hydrophobic
contacts are represented with semi-transparent spheres contoured around the residue side chains.
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Crystallisation of the binary complexes 14-3-30/BLNKpS285 and 14-3-3y/BLNKpT152pS285 was

attempted, but we were unable to obtain crystals that diffracted well.

2.2.3 Exploring the 14-3-3/BLNK PPI using four BLNK protein constructs

In order to study 14-3-3 PPIs, a practical and accepted approach is to mimic 14-3-3 binding partners
using short synthetic phosphorylated peptides (more than 100 structures are deposited in the PDB). This
approach greatly simplifies generation of reagents, allowing the use of highly sample consuming
characterisation techniques like X-ray protein crystallography and ITC. On one hand this has provided a
large structural information pool on 14-3-3 and its many binding partners, on the other hand the
characterisation of more complex systems involving full-length or truncated protein constructs is far
behind 32. More complete systems are needed for a better understanding of 14-3-3 biology and to more
faithfully reproduce interactions within the cells. This is also crucial in drug discovery, where working
with short synthetic peptides to represent the 14-3-3 binding partner instead of the full-length protein
carries two risks. First, one could miss potential druggable sites when searching for inhibitors or
stabilisers of the targeted PPI. Vice versa, while working with peptides one might risk targeting a site
which could be absent in the context of the full-length protein.

We therefore produced larger protein constructs of BLNK, to study its interaction with 14-3-3 on a
protein level as well. A full-length protein version of BLNK (BLNK-FL) has been expressed and purified,
and subsequently phosphorylated in vitro using HPK1. This kinase has been reported to phosphorylate
Thr152 on BLNK © (Figure S 2.4a). To confirm whether the phosphorylation is required for the binding
to 14-3-3 at the protein level, BLNK-FL has been incubated with 14-3-3C in its phosphorylated form
(pBLNK-FL) and in its non-phosphorylated form (BLNK-FL) (Figure 2.4a). The two samples have then
been loaded on an analytical size exclusion column. A superposition of the two elution profiles showed a
left shift towards a higher molecular mass when mixing 14-3-3¢ with pBLNK-FL, suggesting the formation
of a complex when BLNK is phosphorylated. Fractions of the elution peaks were collected and analysed
by SDS/PAGE, confirming the formation of a 14-3-3¢/pBLNK-FL complex and not of the 14-3-3¢/BLNK-
FL one (Figure 2.4c¢). Native mass spectrometry confirmed the formation of a complex in the presence of
the phosphorylation. The mass of the complex suggests it consists of one 14-3-3 dimer bound to one copy
of pBLNK-FL (Figure 2.4b).
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Figure 2.4 | Binding of the pBLNK-FL construct to 14-3-3 proteins. a) Size exclusion
chromatograms superposition of the samples: 14-3-3(/BLNK-FL and 14-3-3(/pBLNK-FL. The mAu
intensity has been normalized. The elution profile of the single proteins has also been reported for
comparison. b) Native mass spectrometry spectrum of the 14-3-3¢/pBLNK-FL complex. The experimental
calculated molecular weight of the complex is reported on the graph and below the theoretical molecular
weight of the single components as reference. ¢) SDS-PAGE analysis for the size-exclusion profiles of the
BLNK-FL/14-3-3C and pBLNK-FL/14-3-3¢ mixtures. The content of peak 1 shows band attributable to 14-
3-3¢and pBLNK-FL of equal intensity confirming the presence of a complex. The content of peaks 2 and
3 show bands attributable to BLNK-FL and 14-3-3( respectively, eluted at two different elution volumes.

A second full-length construct was expressed and purified with a T152E mutation: BLNK-E (Figure
2.5a). The implementation of glutamic or aspartic acid is sometimes used to mimic the highly negatively
charged phosphate group of a phosphorylated serine or threonine 33-35. We have chosen the glutamic acid
because it better mimics also the length of a phosphorylated threonine or serine. The binding to 14-3-3 of
this construct has been tested with SEC (size exclusion chromatography) and ITC. For the SEC experiment
the proteins were pre-incubated and mixed in a 1:1 stoichiometric ratio and consequently loaded onto a
SEC column. The single components 14-3-3¢ and BLNK-E were loaded separately as controls. An
additional control sample composed of a mixture of wild type BLNK-FL and 14-3-3¢ was also added
(Figure 2.5b). From these SEC profiles it appears that no complex formation happened between the
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phosphomimetic construct BLNK-E and 14-3-3. This was confirmed after having tested the system in an

isothermal titration calorimetry assay (Figure 2.5¢).
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Figure 2.5 | Analysis of the BLNK-E construct. a) Cartoon representation of the mutated BLNK
phosphomimetic construct: T152E. The mutation is highlighted with yellow letters. WT: wild type. b)
Superposition of size exclusion profiles of 14-3-3¢, BLNK-FL, BLNK-E and their mixtures. The elution
volumes of the single proteins taken as a reference superpose exactly to the protein mixtures suggesting
that no 14-3-3¢/BLNK-E complex has formed. ¢) ITC experiment of 14-3-3y titrated on BLNK-E. The assay
shows very little heat formation attributable to the titration and no binding curve, confirming that no
interaction occurs between 14-3-3 proteins and BLNK-E.

These observations strengthen the already widely accepted concept of how important
phosphorylation is to engage 14-3-3 proteins. The binding cannot be rescued by the use of
phosphomimetics even when dealing with full-length protein constructs 3236, In the BLNK case the

phosphorylation of Thri52 has proven to be essential for the binding.

The third construct, BLNK-PKA, was expressed together with the kinase PKA. The BLNK-PKA
construct was mutated in order to be recognized by the kinase PKA, which is supposed to promptly
phosphorylate the substrate in the expression phase. The same workflow of experiments was applied to
the BLNK construct designed for the PKA co-expression (Figure 2.6a). The phosphorylation of the BLNK-
PKA construct was checked by mass spectrometry, of which the deconvolution spectra are shown in
(Figure S 2.4b). The molecular mass of the wild type construct is also reported and has been used to
calculate the number of phosphorylation events. Species with two and four phosphorylations were
identified for BLNK-PKA. Phosphorylation site mapping experiments would be necessary for the

identification of the precise location of these phosphorylations. However, such experiment was considered
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to be beyond the scope of this work. From the SEC profiles it is clear that a left shift of the sample
containing the mixture of 14-3-3¢ and BLNK-PKA occurred (Figure 2.6b). The left shift can be compared
with the superposition of the single proteins taken as a control: 14-3-3¢ and BLNK-PKA. If the proteins
had not interacted with each other, the two peaks of the green profile would have been perfectly
superimposable (Figure 2.6b). This experiment suggested that indeed a complex has formed between 14-
3-3¢ and BLNK-PKA. The isothermal titration calorimetry experiment confirmed this observation, as
binding curves were generated upon titration of 14-3-3y onto BLNK-PKA (Figure 2.6c¢).
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Figure 2.6 | Analysis of the BLNK-PKA construct. a) Cartoon representation of the mutated BLNK-
PKA construct: L149R, T150R, S151A. The mutations are highlighted with yellow letters. WT: wild type.
b) Superposition of size exclusion profiles of 14-3-3¢, BLNK-PKA and their complex. ¢) ITC experiment of
14-3-3y titrated over BLNK-PKA. The assay confirms the binding between 14-3-3 proteins and BLNK-
PKA.

The Kpvalues calculated from the ITC experiment is remarkably close to the ones generated from the
ITC experiments performed on the BLNKpT152 peptide. The Kp for the BLNK systems are 1.4 uM for the
14-3-3y/BLNKpT152 system and 1.9 pM for the 14-3-3y/BLNK-PKA system

A shorter construct of BLNK-FL, BLNK-SH2, was also expressed and purified to enable future
structural studies or potentially high-throughput screening for modulators of the 14-3-3/BLNK
interaction. The rationale behind the truncation was to remove as much disordered regions as possible
for structural studies, while keeping the key Thri152 residue for the binding to 14-3-3 as well as the ordered
SH2 domain, of which a structure has been deposited in the PDB (2EO6) 37. The expression yield of BLNK-
SH2 was higher than that of BLNK-FL or BLNK-PKA (50 mg per L BLNK-SH2, 1 mg per L BLNK-
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FL/BLNK-PKA), so for HTS it could be a good compromise between using the full-length protein and a
short synthetic peptide. The BLNK-SH2 construct could readily be phosphorylated by HPK1 (Figure S
2.4¢). ITC measurements confirmed that binding to 14-3-3y was only observed when the construct was
phosphorylated, with a Kp of 13 uM (Figure 2.7b). Interestingly, this is ten-fold weaker than the affinity
of the pT152 peptide.

The final purification step chromatograms of all the constructs mentioned above are reported in the
supporting information along with the SDS-PAGEs of the protein peaks content to allow to check the
sample quality (Figure S 2.5).
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Figure 2.7 | Binding of the pBLNK-SH2 construct to 14-3-3 proteins. a) Size exclusion
chromatograms superposition of the samples: 14-3-3¢/BLNK-SH2 and 14-3-3¢(/pBLNK-SH2. The mAu
intensity has been normalized. The elution profile of the single proteins has also been reported for
comparison. b) ITC direct binding assays of pBLNK-SH2 and BLNK-SH2 to 14-3-3y. ¢) Native mass
spectrometry spectrum of the 14-3-3y/pBLNK-SH2 complex. The experimental calculated molecular
weight of the complex is reported on the graph and below the theoretical molecular weight of the single
components as reference.
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To investigate the gatekeeper model at a protein level, an in vitro phosphorylation using the kinase
AKT has been attempted on BLNK-SH2 and pBLNK-SH2. Unfortunately, no phosphorylation on BLNK-
SH2 has been detected upon incubation with AKT and ATP in addition to the one already present due to
HPKa1. It was therefore not possible to determine affinities of BLNK-SH2 to 14-3-3 in the presence of one
(pT152 or pS285) or two phosphorylations (both pT152 and pS285). This is illustrative of the difficulty of
producing recombinant proteins with multiple, site-specific phosphorylation events, and the reason it is

often necessary to resort to shorter synthetic peptides.

2.3 Conclusions and Perspectives

Our findings offer a first insight into the BLNK/14-3-3 PPI from a biophysical and structural
standpoint. We observed that phosphorylated pT152 and pS285 provide cooperative binding to 14-3-3
according to the gatekeeper model, where pT152 provides the stronger anchoring interaction, and pS285
can further increase the affinity. The work using four BLNK protein constructs confirmed that the
interaction with 14-3-3 indeed occurs in a phosphorylation-dependent manner. The BLNK-FL, BLNK-
PKA and BLNK-SH2 can be used for a more in-depth analysis aimed to understand the binding of BLNK
to 14-3-3 proteins.

In theory, the 14-3-3/BLNK interaction could be a target for drug discovery as stabilising the
interaction is expected to enhance proteolytic BLNK degradation. This should decrease the immune
response, a desired effect in the context of many inflammatory and autoimmune conditions. While
stabilising protein interactions is not a commonly used approach, it holds great potential in terms of
selectivity 38, and has been shown to be feasible for 14-3-3 interactions as well as several others 394¢, With
the generation of an understanding of the binding mechanism, as well as the generation of key reagents,
our work has provided a solid basis to start the discovery of small-molecule stabilisers of the 14-3-3/BLNK

interaction.
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2.4 Material and Methods

Peptide synthesis

The BLNKpT152 peptide was synthesized via Fmoc solid-phase peptide synthesis by an Intavis MultiPep
RSi peptide synthesizer exploiting a Rink amide AM resin (Novabiochem, 0.59 mmol/g loading). The
acetylated version was acetylated (1:1:3 Ac20, Pyridine/NMP) at the N-terminus and the FITC-labelled
one was functionalized with Fluorescein Isothiocyananate (FITC, Sigma-Aldrich) after a $-alanine linker
introduced via Fmoc chemistry at the N-terminus. BLNKpT152 was purified using a preparative LC-MS
system composed by an LCQ Deca XP Max (Thermo Finnigan) ion-trap mass spectrometer, a Surveyor
auto sampler, a Surveyor photodiode detector array (PDA) (Thermo Finnigan) and a PrepFC fraction
collector (Gilson Inc). Purification column: Waters reverse-phase C18 Atlantis T3 prep OBD, 5 uM, 150 x
19 mm column in linear gradients of H20/CH3CN/0.1%TFA. The peptides BLNKpS285 and
BLNKpT152pS285 were ordered with purity >95% from GenScript.

Protein expression and purification

14-3-3 isoforms FL and AC and BLNK-FL, BLNK-E (T152E), BLNK-PKA (L149R, T150R, S151A) and
BLNK-SH2 (143-456) were expressed with a (His)6/(His)6-SUMO tag in Nico21(DE3) competent cells
with a pPRoeX-Htb/pCDFDuet-1 vector in 2TY media. The BLNK-PKA construct was transformed
together with the vector pACYC encoding for the Protein Kinase A (PKA). The purification was carried out
by affinity chromatography on Nickel columns (HisTrap HP, 5 mL). The tags were cleaved with
TEV/SUMO hydrolase. The proteins were then loaded again on Nickel columns to remove any uncleaved
protein. A final purification step was performed loading the proteins on a size-exclusion chromatography
column (HiLoad 26/600 Superdex 75 pg). The BLNK-E and BLNK-PKA were additionally loaded onto a
monoS 5/50 GL cation exchange column for an additional purification step. All purification steps were
performed on an AKTA pure protein purification system (Cytiva).

Fluorescence polarization and isothermal titration calorimetry

FP binding assays were carried out on Corning 384-well 3575 plates, serially diluting (2-fold) 14-3-3
isoforms in the presence of 10 nM FITC-labelled peptides. Proteins and peptides were diluted from their
stock concentration in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5mM MgCl2, 0.05% v/v Tween-
20). The data were collected on a PHERAstar FSX plate reader (BMG Labtech) with an Aex 485 nm, Aem
520 nm FP filter setting. For Kp calculation the background polarization was removed from all values and
the data were fitted with a “One site - Specific binding model” and a “Two sites - Specific binding model”
on GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com. Each data point is the average of a triplicate measurement, standard deviation is
reported as error bars. ITC measurements were performed on a PEAQ-ITC (Malvern) dissolving the
peptides in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, smM MgCl2, 0.05% v/v Tween-20) and
dialysing the protein in the same buffer to minimise buffer mismatch. The optimal peptides and protein
concentrations were chosen simulating the experiment on the MicroCal PEAQ-ITC Analysis Software
(Malvern) according to the predicted Kp. The peptides were titrated into the cell containing the protein
following a series of 18-2 pL injections at 25 °C (reference power 5 pcal/sec, stir spees 750 rpm, initial
delay 60 s, spacing 150 s). The data were analysed on the MicroCal PEAQ-ITC Analysis Software
(Malvern).

X-ray protein crystallography

For protein crystallisation, a C-terminally truncated version of 14-3-30 was used (14-3-30AC, AC=28 C-
terminal AA) 28. The binary complex was prepared mixing 14-3-30AC 10/12/15 mg/ml and BLNKpT152
at a 1:1 and 1:1.2 ratio and then incubated at 4°C, O/N (dilution buffer: 20 mM Hepes pH 7.5, 2 mM
MgCl2). The crystallization drops were dispensed in 1:1 protein to crystallisation condition ratio (0.5 uL
+ 0.5 uL). pH over PEG gradients grid crystallisation conditions: 95 mM Hepes pH 7.1-7.7, 24-29%
PEG400, 190 mM CaCl2, Glycerol 5%. The plate was incubated at 4 °C and crystals grew in 5 to 10 days
and were observed in most of the crystallisation conditions. The data were collected by harvesting and
mounting the crystals on an in-house MicroMax-003 X-ray generator (Rigaku) kept under a constant flux
of liquid nitrogen (77 K) and with a wavelength of 1.541 g The diffraction pattern was collected using a
PILATUS3 R 200K detector (Rigaku). The diffraction data were processed with XDS 41 and AIMLESS 4243,
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The structure was solved by molecular replacement using a 14-3-30 structure as search model (PDB ID:
3MHR), with PHASER) 2844 . The initial structure was then refined using COOT 45 and PHENIX 46. The
data collection and refinement statistics of the solved structure are reported in Table S1. The structure is
deposited in the PDB with the ID: 6YLU. All figures were generated using PyMOL (The PyMOL Molecular
Graphics System, Version 1.2r3pre, Schrodinger, LLC).

Analytical SEC and mass spectrometry

All protein complexes (pBLNK-FL/14-3-3¢, BLNK-FL/14-3-3¢, BLNK-SH2/14-3-3¢, pBLNK-SH2/14-3-
3¢, BLNK-E/14-3-3(, BLNK-PKA/14-3-30) were incubated at a 1:1 molar ratio for 2 h at 4°C. The samples
were then injected in an ACTA pure system on a Superdex 200 10/300 GL column, flow 0.5 ml/min,
running buffer 20 mM Hepes pH 7.5, 150 mM NaCl, 2mM DTT. BLNK-FL and BLNK-SH2 were
phosphorylated in vitro by incubating them O/N at room temperature in their storage buffer
supplemented by 0.75 mM ATP, 20 mM MgCl2 and HPK1 kinase (Thermo Fisher Scientific) in a ratio
kinase:protein, 1:3000. Possible phosphorylations were checked by LC-MS. LC-MS experiments were
performed on a Waters Acquity UPLC-Xevo G2 Tof LCMS system, operated by MassLynx software.
Typically, 5uL of protein solution concentrated approximatively 1 mg/mL was injected in reverse phase
UPLC system using the following conditions: Waters Acquity UPLC BEH300 C4, 2.1 x 100mm, 1.7uM
particle size analytical column; Solvent A: 0.1% HCOOH in H20, Solvent B: 0.1% HCOOH in CH3CN;
flow rate 0.3 mL/min; gradient: 0 min, 5% B; 5 min, 60% B; 6 min, 95% B. Mass spectrometry data were
collected over the m/z range 100-5000 Th, with a scan rate of 0.5 seconds. The mass spectrometer was
calibrated over this mass range using Nal clusters. Native MS experiment was run on the 14-3-3¢/pBLNK-
FL complex on a Thermo Fisher Exactive Plus EMR MS fitted with an Advion Nanomate chip-based
nanoESI instrument for sample introduction. Prior to analysis, protein sample was buffer exchanged into
50 mM ammonium acetate, pH 6.9 using 2 pre-washed Zeba desalting columns (7KDa MWCO, Thermo
Fisher Scientific). The Exactive Plus MS was operated in EMR mode, with trap gas set at 6.0 and source,
C-trap and collision energies optimised for improved transmission of protein complexes as necessary.
Data were collected over the m/z range 3500-7000 Th. The MS was calibrated using CsI clusters up to
approx. m/z 11,000 Th. ITC direct binding assay were performed on pBLNK-SH2 as described before.

2.5 Supporting Information

a) b)  14-3-3y/BLNKpT152pS285 - two sites model
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Figure S 2.1 | Florescence polarization curved of the R18 control on the 14-3-3y/BLNKpT152
and 14-3-3y/BLNKpT152pS285 systems and two sites model fitting of the 14-3-
3y/BLNKpT152pS285 system. a) Inhibition curve originated from the titration of R18 on the 14-3-
3y/BLNKpT152 and 14-3-3y/BLNKpT152pS285 systems. b) 14-3-3y/BLNKpT152pS285 data fitted with
a “two-sites binding model”. The model calculates a higher Kp attributable to the pThri52 site and a lower
Kp attributable to the pSer285 site. Kp values are reported associated with their standard error.
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Figure S 2.3 | Superposition of the fluorescence polarization binding curves of the peptides
BLNKpT152pS285 (higher affinity), BLNKpT152 (moderate affinity) and BLNKpS285 (low
affinity) performed on every human 14-3-3 isoform.
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Figure S 2.4 | Deconvolution of the MS spectra of pBLNK-FL, BLNK-PKA and pBLNK-SHz2.
The expected molecular weight of the proteins in absence of phosphorylation is reported at the top left of
the spectra for reference and has been used to calculate the number of phosphorylation events. a)
Deconvolution of the pBLNK-FL MS spectra b) Deconvolution of the BLNK-PKA MS spectra c)
Deconvolution of the pBLNK-SH2 MS spectra.
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Figure S 2.5 | Last purification steps of the constructs BLNK-FL, BLNK-E, BLNK-PKA and
BLNK-SH2. a) SEC profile and SDS-PAGE of the BLNK-FL construct. b) SEC and cation exchange
profiles and SDS-PAGE of the BLNK-E construct. ¢) SEC and cation exchange profiles and SDS-PAGE of
the BLNK-PKA construct. d) SEC profile and SDS-PAGE of the BLNK-SH2 construct.

43



- Chapter 2 -

Table S 2.1| Data collection and refinement statistics of the 14-3-30/BLNKpT152 crystal structure. Values
in the parenthesis represent the higher resolution shell.

Data collection
Space group C222,
Cell dimensions
a,b,c,() 82.25 112.11, 62.52
a,B.y(®) 90,90,90
Resolution (A)  26.63-1.88 (1.93-1.88)
Rmerge 0.12 (034)
<I/o(D> 8.8(3.8)
Completeness (%) 99.9 (100.0)
Multiplicity 5.1 (4.8)
CC(1/2) 0.99(0.91)

Refinement
Resolution (A) 26.63-1.88
No. Reflections 23758
Rwork/Rfree 0.15/0.21

No. Atoms
Protein 2058
Water 387
B-factors
Protein  13.55
Water 26.39
R.M.S.D.

Bond lengths (A)  0.006
Bond angles (°) 0.805

Ramachandran statistics (%)
Favoured 98.74
Allowed 1.26
Outliers 0.00
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Chapter 3

A Structural and Biophysical Characterization of the
14-3-3/SLP76 Protein-Protein Interaction

Abstract

The SH2 domain-containing protein of 76 kDa, SLP76, is an important adaptor protein that
coordinates a complex protein network downstream of T-cell receptors (TCR), ultimately regulating the
immune response. Upon phosphorylation on Ser376, SLP76 interacts with 14-3-3 adaptor proteins, which
leads to its proteolytic degradation. This provides a negative feedback mechanism by which TCR signalling
can be controlled. To gain insight into the 14-3-3/SLP76 protein—protein interaction (PPI), we have
determined a high-resolution crystal structure of a SLP76 synthetic peptide containing Ser376 with 14-3-
30. We then characterized its binding to 14-3-3 proteins biophysically by means of fluorescence
polarization and isothermal titration calorimetry. Furthermore, we generated two recombinant SLP76
protein constructs and characterized their binding to 14-3-3. Our work lays the foundation for drug design

efforts aimed at targeting the 14-3-3/SLP76 interaction and, thereby, TCR signalling.

This work has been published as: Soini, L., Leysen, S., Davis, J., Westwood, M. & Ottmann, C. The 14-3-
3/SLP76 protein—protein interaction in T-cell receptor signalling: a structural and biophysical
characterization. FEBS Letters 595, 404-414.
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3.1 Introduction

The Lymphocyte cytosolic protein 2 (LCP2, Uniprot ID Q13094), also called SH2 domain containing
protein of 76 kDa or more briefly SLP76, is an adaptor protein that was first identified in association with
Grb2 as part of the T-cell receptors (TCRs) compartment 1. SLP76 is responsible, along with linker for
activation of T cells (LAT) 2, for orchestrating the signalling downstream of TCRs by coordinating
macromolecular complexes that locate on the cell membrane 34. SLP76 associates with signalling proteins
such as ITK (Tyrosine-protein kinase ITK/TSK), GADS (GRB2-related adapter protein 2), ADAP
(adhesion and degranulation-promoting adapter protein), NCK (Cytoplasmic protein NCK1), PLCy1
(Phospholipase C-gamma-1) and HPK1 (Hematopoietic progenitor kinase 1) 5. A loss or deficiency in
SPL76 results in compromised downstream effects such as calcium flux, cytoskeletal reorganization, RAS
activation and NFAT (Nuclear factor of activated T-cells), AP1 transcriptional activity activation 6. SLP76-
deficient mice show impaired viability and an absent or reduced development of T-cells further

demonstrating the importance of this protein in immune signalling 7.

Besides its role as a positive regulator of TCR signalling, SLP76 is also involved in a negative feedback
mechanism modulating TCR signalling 9. Upon phosphorylation of Ser376 by HPK1, SLP76 associates
with 14-3-3 adaptor proteins '©. The interaction with 14-3-3 allows SLP76 to be ubiquitinated by a yet to
be determined E3 ligase, and consequently leads to its proteolytic degradation resulting in an attenuation
of TCR signalling 1. The association of SLP76 to 14-3-3 proteins appears to be a prerequisite for the
degradation to happen. This mechanism reveals a sophisticated way by which TCR signalling can be finely
controlled by SLP76 9. Down-regulation of T-cell activation has also been reported via release of SLP76
microclusters from LAT triggered by HPK1 activity, specifically of a 14-3-3/GADS/SLP76 complex. The
fate of this SLP76 complex upon release is unknown, but the fact that it might be targeted for degradation
has been hypothesized .

14-3-3 proteins are a family of dimeric adaptor proteins, highly conserved and present in all
eukaryotic organisms. In humans, the seven isoforms are named with the Greek letters y, T, 0, €, 1, {, B
1314, With an interactome of roughly 500 binding partners, 14-3-3 proteins play a key role in regulating
protein trafficking, signal transduction and the cell cycle engaging with mostly phosphorylated binding
partnerstsv7. The various functions that 14-3-3 can play involve protection against dephosphorylation, PPI
modulation, regulating subcellular localization and the occlusion or exposure of ubiquitination sites 820,
In general, interest in the stabilisation of 14-3-3 PPI as an approach to modulating function has expanded
considerably in the past few years 2. Several reviews on the topic have been published as well as innovative
approaches that exploit fragment screening and combinatorial chemistry 22-25. Stabilising the interaction
of SLP76 with 14-3-3 could potentially provide a way to reduce TCR signalling by shifting the equilibrium
towards more degraded SLP76. In this work, we investigate the 14-3-3/SLP76 PPI using a short SLP76-
derived phosphorylated peptide that includes Ser376 and characterize its interaction with 14-3-3 using a
range of biophysical and structural techniques. Even though many 14-3-3 interaction partners can possess
more than one 14-3-3 binding site 2628, often leading to more complex binding mechanisms like the

gatekeeper model 29, we focus our attention solely on the Ser376 site in this work as the only 14-3-3 binding
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site reported to be essential to 14-3-3 binding 911. We also characterise the interaction of 14-3-3 proteins
with two SLP76 protein constructs, which can be valuable tool reagents in the context of future hit finding

campaigns.

3.2 Results and Discussion

3.2.1 Biophysical characterization of the SLP76pS376 peptide binding to 14-3-3

Several potential 14-3-3 interaction sites on SLP76, including S130, S207, S297, S376 and S410, have
previously been investigated by mutational studies. Only the S376A mutation was shown to abolish the
interaction with 14-3-3 91. An in silico analysis using the “14-3-3-Pred” webserver 3¢ further points to
Thr341 as a possible 14-3-3 interaction site, but it has not been confirmed that this site is phosphorylated
in vivo. Therefore, we decided to concentrate our biophysical analysis on the S376 site. A short SLP76
phosphorylated peptide was designed and synthesised (Figure 3.1a). The sequence of the peptide was
derived from the natural sequence of the SLP76 full-length protein: FPQSApS37sLPPYFS (SLP76pS376).
Two versions of the peptide were synthesised. One version, FITC-labelled at the N-terminus, was used for
a fluorescence polarization (FP) assay while the other, acetylated at the N-terminus, was generated for an
isothermal titration calorimetry assay (ITC). In the FP assay, all seven 14-3-3 isoforms were titrated
against a fixed concentration of the FITC-labelled SLP76pS376 peptide. Complete binding curves showed
a low micromolar interaction strength ranging from 0.39-3.2 uM (Figure 3.1b). An FP assay control was
performed using the R18 14-3-3 inhibitor peptide 31. The R18 peptide was titrated at a fixed concentration
of 14-3-3y and SLP76pS376 displacing the latter to generate an inhibition curve (Figure S 3.1). This control
confirmed the specificity of the SLP76pS376 peptide for the 14-3-3 amphipathic binding groove in which
the R18 peptide is also known to bind (1A38). The y isoform showed the highest affinity toward the
SLP76pS376 peptide and was therefore chosen as a representative isoform in the control displacement
assay. The affinity of the SLP76pS376 peptide for the 14-3-3 isoforms could be ranked in the following
order: y >1n > f > > 1> ¢ > 0 (strongest to weakest). Wang et al. reported a similar ranking order
expressed in relative affinities of cellular SLP76 binding to 14-3-3 in GST pulldown assays: y > {>n >3 >
T > £ > o (strongest to weakest) 1. The binding of the SLP76pS376 peptide was confirmed by a direct ITC
assay against the 14-3-3 isoform y (Figure 3.1c). The estimated Kp from the ITC was 0.6 pM (+ 0.08 uM).
ITC measurements were also performed on the { and o isoforms (Figure S 3.2). The overall ITC affinity

trend agrees with the one observed by FP: y > { > o (strongest to weakest).
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Figure 3.1 | Binding of the SLP76pS376 peptide to 14-3-3 proteins. a) Cartoon representation of
the SLP76 protein. SLP76 full-length (SLP76-FL) is formed by a Sterile Alpha Motif (SAM) and
Intrinsically Disordered Region (IDR) and an SH2 domain. SLP76-SH2 delineated by the dotted line with
the Ser376 highlighted as yellow dot. The sequence of the peptide is reported in blue letters. b)
Fluorescence Polarization binding assay of SLP76pS376 to all 14-3-3 isoforms. ¢) Isothermal Calorimetry
Titration assay of SLP76pS376 binding to 14-3-3y.

3.2.2 Crystal structure of the SLP76pS376 peptide bound to 14-3-30

To structurally elucidate the binding of SLP76pS376 to 14-3-3, the peptide was co-crystallized with
14-3-30AC. The crystals diffracted to a resolution of 1.53 A. All data collection and refinement statistics
are reported in (Table S 3.1). 14-3-3 proteins form a constitutive dimer with a characteristic cup like shape
and two amphipathic binding grooves that can host one or two different binding partners (Figure 3.2a).
The asymmetric unit (ASU) of this crystal structure, however, contains one 14-3-3 monomer that
accommodates the SLP76pS376 peptide. The 14-3-3 dimer can be reconstituted by applying the space
group symmetry operations (Figure 3.2a). The SLP76pS376 peptide could be modelled reliably in the 2Fo-
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Fcmap displayed within the 14-3-3 binding groove. SLp76pS376 residue Phe371 has been modelled except
for the side chain due to lack of electron density (Figure 3.2b). The main anchoring point of the
SLP76pS376 peptide to 14-3-3 is the phosphate group on Ser376, which establishes polar contacts with
14-3-3 residues Args6, Arg129 and Tyr130. More polar bonds are established in the binding groove
between SLP76pS376 Ala37s, Ser374, GIngy3 and 14-3-30 residues Asn226, Trp230, Glu182 and Arg6o
respectively. An additional hydrophobic contact is provided by the SLP76pS376 Leu3y7 and 14-3-30

Leu222 and Ile219 (Figure 3.2¢).

14-3-3 binding motif sequences have been categorized through the years into three main recognition
motifs: mode I) RSXpS/TXP, mode II) RXY/FXpS/TXP and mode III) pS/pTX:--COOH, where X can be
any residue 4:32, Although most of the synthetic phosphopeptides that bind 14-3-3 belong to one of those
three modes, more and more exceptions to the three classical modes have been reported 33. SLP76pS376
shares Pro378 with modes I and II, the Ser374 with mode I, and a random residue at position -3 from the
pSer376 with mode II. However, it differs from classic mode I and II motifs, since there is no arginine at

position -3 (mode I) or -4 (mode II).
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Figure 3.2 | Crystal structure of the 14-3-30/SLP76pS376 binary complex at 1.53 A
resolution. a) The biologically relevant 14-3-3 dimer (reconstituted by applying the space group
symmetry operations) is represented as white (one monomer) and grey (one monomer) surface. The
SPL76pS376 peptide is represented as blue surface. b) SLP76pS376 peptide bound in the 14-3-30
amphipathic binding groove. The SLP76pS376 peptide is represented in blue sticks surrounded by the
2F,-F. electron density map contoured at o=1. ¢) Detailed view of the SLp76pS376 peptide (blue sticks)
binding to the 14-3-30 amphipathic groove (grey cartoon). Polar contacts are represented as black dotted
lines and hydrophobic contacts are represented with semi-transparent spheres contoured around the
residue side chains.
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3.2.3 Interaction of full-length SLP76 constructs with 14-3-3

SLP76 is composed of an N-terminal Sterile Alpha Motif (SAM) acidic region, of which an NMR
structure is deposited in the PDB (2EAP), followed by an intrinsically disordered region and a C-terminal
SH2 domain (Figure 3.1a). The SH2 domain is a structurally conserved domain which is essential for the
association of the kinase HPK1 to SLP76 34. The use of synthetic peptides to study 14-3-3 interactions is a
practical and well-established approach. A few recent examples include studies of the interaction with
SOS1 35, USP8 3¢ and LRRK2 28, In contrast, studies of 14-3-3 PPI using protein constructs rather than
peptides is a less commonly used approach 37, since producing larger protein constructs phosphorylated
at one or more specific sites is more challenging. Critically, we believe that working with these proteins

has the potential to generate additional and more relevant insights than the simpler peptide system.

In this work, we expressed and purified four SLP76 protein constructs using bacterial protein
production: a full-length one (SLP76-FL), a phosphomimetic (SLP76-E), a mutated version for PKA co-
expression and phosphorylation (SLP76-PKA) and a shorter one containing only the SH2 domain of
SLP76 (SLP76-SH2).

SLP76-FL was phosphorylated in vitro using the kinase HPK1 (Figure S 3.3a). SLP76-FL was then
incubated with 14-3-3C in its phosphorylated form (pSLP76-FL) and in its non-phosphorylated form
(SLP76-FL). Both protein mixtures were then loaded consecutively on an analytical size-exclusion column
(SEC) to investigate whether the phosphorylation on SLP76-FL indeed leads to 14-3-3 binding. The
elution profile (Figure 3.3a) for the mixture containing pSLP76-FL shows a considerable shift to the left,
indicating a higher hydrodynamic volume and formation of a pSLP76-FL/14-3-3¢ complex. Fractions of
the elution profile were analysed by SDS-PAGE, confirming the formation of a 14-3-3 and phosphorylated
SLP76 (Figure 3.3c). The complex formation was additionally studied by native mass spectrometry
(Figure 3.3b). The observed molecular mass of 116048 Da suggests that one 14-3-3 dimer binds a single
copy of pSLP76-FL.
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Figure 3.3 | Binding of SLP76-FL to 14-3-3 proteins. a) Superimposed elution profiles for size-
exclusion chromatography runs of the 14-3-3¢/SLP76-FL and 14-3-3¢/pSLP76-FL mixtures. The mAu
intensity has been normalized. The elution profile of the single proteins has also been reported for
comparison. The samples have been run on an AKTA pure system. SLP76-FL and pSLP76-FL at a
concentration of 4 mg/ml were mixed with 14-3-3y to get to a 1:1 molar ratio. b) Native mass spectrometry
spectrum of the complex 14-3-3(/pSLP76-FL. Theoretical and experimental molecular masses are
reported on the right of the graph. ¢) SDS-PAGE analysis for the size-exclusion profiles of the SLP76-
FL/14-3-3C and pSLP76-FL/14-3-3¢ mixtures. The content of peak 1 shows band attributable to 14-3-3¢
and pSLP76-FL of equal intensity confirming the presence of a complex. The content of peaks 2 and 3
show bands attributable to SLP76-FL and 14-3-3 respectively, eluted at two different elution volumes.

After the successful attempt of generating a phosphorylated version of full-length of SLP76 we wanted
to test different strategies that would simplify the reagent generation in the phosphorylation stage. We
then expressed and purified a phosphomimetic version of SLP76, SLP76-E (Figure 3.4a), which contained
a mutation of the 14-3-3 interaction residue, S376E. We first tested the biding of SLP76-E to 14-3-3¢ on
SEC by mixing the two protein in a 1:1 molar ratio as we did for the SLP76-FL case (Figure 3.4b). No shift
of the peak containing the 14-3-3¢/SLP76-E mixture was detected, suggesting 14-3-3¢ and SLP76-E do
not interact. This was conformed using an ITC assay by titrating 14-3-3y onto SLP76-E (Figure 3.4c). No
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binding curve was detected, hence confirming that phosphorylation of 14-3-3 binding partners is essential

for binding.
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Figure 3.4 | Analysis of the SLP76-E construct. a) Cartoon representation of the mutated SLP76
phosphomimetic construct: S376E. The mutation is highlighted with yellow letters. WT: wild type. b)
Superposition of size exclusion profiles of single 14-3-3¢, SLP76-E and their complexes. The elution
volumes of the single proteins taken as a reference superpose exactly to the proteins when mixed,
suggesting that no 14-3-3¢/SLP76-E complex has formed. ¢) ITC experiment of 14-3-3y titrated on SLP76-
E. The assay shows very little heat formation attributable to the titration and no binding curve, confirming
that no interaction occurs between 14-3-3 proteins and SLP76-E.

The same workflow of experiment was applied on the third construct, SLP76-PKA. SLP76-PKA was
mutated to be able to be recognized by the kinase PKA and therefore being phosphorylated in the
expression phase (Figure 3.5a). A deconvolution of the mass spectra of SLP76-PKA confirming that
several phosphorylation events took place is reported in the supporting information (Figure S 3.3b). A
binding test performed on SEC revealed a left shift towards higher hydrodynamic volumes of the peak
containing the protein mixture composed of SLP76-PKA and 14-3-3¢, suggesting the possible formation
of a complex (Figure 3.5b). The binding was confirmed by ITC titrating 14-3-3y onto SLP76-PKA (Figure
3.50).
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Figure 3.5 | Analysis of the SLP76-PKA construct. a) Cartoon representation of the mutated
SLP76-PKA construct: Q373R, S374R. The mutations are highlighted with yellow letters. WT: wild type.
b) Superposition of size exclusion profiles of single 14-3-3¢, SLP76-PKA and their complex. The elution
volumes of the sample containing mixed 14-3-3¢ and SLP76-PKA is shifted to smaller elution volumes
compared to the single proteins taken as a reference, suggesting that a 14-3-3¢/ SLP76-PKA complex has
formed. ¢) ITC experiment of 14-3-3y titrated on SLP76-PKA. The assay confirms the binding between 14-
3-3 proteins and SLP76-PKA.

The Kbp calculated from the ITC binding assay was 653 nM, remarkably close to the one calculated
using the SLP76pS376 peptide, 616 nM.

3.2.4 Biophysical analysis of the interaction of 14-3-3 with a truncated SLP76-
SHz2 (361-533) construct

Intent on future structural analysis beyond the synthetic peptide, as well as high-throughput
screening for modulators of the 14-3-3 SLP76 interaction, we evaluated a truncated version of SLP76,
SLP76-SH2. The rationale for its design was this construct contains less intrinsically disordered regions,
which should facilitate crystallisation. Furthermore, the SLP76-SH2 construct provides a more
convenient system to work with in terms of yield (around 50 mg/L) and ease of phosphorylation while
preserving key interactions with 14-3-3 (Figure S 3.3c). Although not the full-length protein, we would
consider SLP76-SH2 as a better screening tool than a short synthetic peptide with the potential to provide
small-molecule binding sites beyond the smaller interaction surface of the 14-3-3 — phosphopeptide
complex. Following the same approach as with the full-length construct, the interaction of phosphorylated
and non-phosphorylated SLP76 with 14-3-3 was compared using analytical size-exclusion

chromatography. Again, a higher molecular weight species was observed for the mixture containing
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pSLP76-SH2 compared to SLP76-SH2 (Figure 3.3a). Native mass spectrometry has been performed on
the 14-3-3y/pSLP76-SH2 complex confirming the binding (Figure 3.3b).
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Figure 3.6 | Binding of SLP76-SH2 to 14-3-3 proteins. a) Superimposed elution profiles for size-
exclusion chromatography runs on the 14-3-3y/SLP76-SH2 and 14-3-3 y /pSLP76-SH2 mixtures. The
mAu intensity has been normalized. The elution profile of the single proteins has also been reported for
comparison. The samples were run on an Agilent 1100 Series HPLC Value System. SLP76-SH2 and
pSLP76-SH2 were diluted down to a concentration of 1 ug/ml and were mixed with 14-3-3y to getto a 1:1
molar ratio. b) Native mass spectrometry spectrum of the complex 14-3-3y/pSLP76-SH2. Theoretical and
experimental molecular masses are reported on the right of the graph.

3.2.5 pSLP76-SH2/14-3-3y complex Kp and stoichiometry determination

The Kp and the stoichiometry of the 14-3-3y/pSLP76-SH2 complex was determined by ITC and SPR.
The Kp estimated by ITC was found to be 46.7 nM (+ 12.5 nM) (Figure 3.7a), an increase by 13-fold when
compared to the 14-3-3y/SLP76pS376 peptide, 0.6 uM (+ 0.08 uM). To confirm the results obtained from
the size exclusion experiment (Figure 3.3c), SLP76-SH2 (non-phosphorylated) was also titrated into 14-
3-3y and as expected, no binding was observed (Figure 3.7a). The stoichiometry for the 14-3-3y/pSLP76-
SH2 complex calculated from ITC is close to 1, suggesting that 2 copies of pSLP76-SH2 occupy both sites

on one 14-3-3y dimer.
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Figure 3.7 | Kp and stoichiometry determination of the complex 14-3-3y/pSLP76-SH2 by
ITC and SPR. a) Direct Isothermal Calorimetry Titration assay of pSLP76-SH2 binding to 14-3-3y. The
control is reported for reference in red and represent a titration of SLP76-SH2 non-phosphorylated on
14-3-3Y. b) Sensorgrams of pSLP76-SH2 flowing over immobilized 14-3-3y. The binding curve points has
been taken from the sensorgrams reference points at equilibrium and fitted in GraphPad. The experiment
has been performed in triplicates, only one repetition is reported in the figure for illustrative purposes.
The Kpis reported with the associated standard error calculated from the individual measurements.

The binding between pSLP76-SH2 and 14-3-3y was also characterised by SPR. 14-3-3y was
immobilized on a NTA chip exploiting the double N-terminal (His)s-tag. Regeneration steps were
therefore easily performed and fresh protein was then immobilized at every cycle. Increasing
concentrations of pSLP76-SH2 were flowed over 14-3-3y and the Kp was then measured via steady state
approach (Figure 3.7b). The resultant Kp value of 43.5 nM (+ 1.5 nM) correlates well with the affinity
measured by ITC. The stoichiometry by SPR could be calculated with the following formula: N=(RUpstps-
sHz2/ RU14-3-3y)-(MWiy-5-3y/ MWpsrpre-su=) which is used to predict the maximal response of the assay 38.
Where N represents the stoichiometry, RUpsips6-sn2 the maximal response provided by pSLP76-SH2
binding to 14-3-3y, RUy4-33y the amount of 14-3-3y immobilised on the chip and MW the molecular weight
of the two protein (14-3-3y as monomer). Introducing the values in the formula of the sensorgrams at
saturation, we could calculate a stoichiometry value close to 0.8, in agreement with the stoichiometry

values calculated by ITC: one copy of pSLP76-SH2 per 14-3-3y monomer. This result is also supported by
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native mass spectrometry which showed the presence of species with two SLP76-SH2 molecules binding
a 14-3-3 dimer (Figure 3.3d).

The final purification step chromatograms of all the constructs mentioned above are reported in the
supporting information along with the SDS-PAGEs of the protein peaks content to allow to check the
sample quality (Figure S 3.4).

3.3 Conclusions

In this work we provided structural and biophysical data on the interaction of 14-3-3 with SLP76. We
used a short synthetic SLP76 phosphorylated peptide to characterize the binding of SLP76 Ser376 to 14-
3-3 isoforms and have shown through X-ray crystallography how it anchors SLP76 to 14-3-3. The 14-3-3
binding site is not a classical mode I or mode II, but rather shares features of both 1432, To date, more and

more exceptions to the three classical binding modes have been reported 33.

SLP76 has been shown to be an important actor downstream of TCR signalling and its interaction
with 14-3-3 could therefore be an attractive target for therapeutic intervention with small molecules.
Theoretically, stabilisation of this PPI could increase proteolytic degradation of SLP76, strengthening the
negative feedback mechanism which could be a desirable outcome in various autoimmune and
inflammatory conditions 39. To lay the foundation for the discovery of such stabilizers, we also generated
four recombinant SLP76 protein constructs and characterized them using native MS, SEC, ITC and SPR.
Three constructs out of the four generated were found to bind to 14-3-3 proteins. The phosphomimetic
construct, SLP76-E, could have represented the easiest way to obtain a full-length, “ready to use” binding
partner, but unfortunately it did not bind to 14-3-3. This finding highlights the importance of
phosphorylation in the context of 14-3-3 binding. In our opinion, these protein constructs should provide
more relevant tools than shorter synthetic SLP76 peptides when performing HTS campaigns, with the
opportunity to discover druggable binding sites beyond the 14-3-3 amphipathic binding pocket.
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3.4 Material and Methods

Peptide Synthesis

The SLP76pS376 peptide, FPQSApS37sLPPYFS, was synthesized via Fmoc solid-phase peptide synthesis
by an Intavis MultiPep RSi peptide synthesizer exploiting a Rink amide AM resin (Novabiochem, 0.59
mmol/g loading). The acetylated version was acetylated (1:1:3 Ac.O, Pyridine/NMP) at the N-terminus
and the FITC-labelled one was functionalized with Fluorescein Isothiocyananate (FITC, Sigma-Aldrich)
after a B-alanine linker introduced via Fmoc chemistry at the N-terminus. SLp76pS376 was purified using
a preparative LC-MS system composed by an LCQ Deca XP Max (Thermo Finnigan) ion-trap mass
spectrometer, a Surveyor auto sampler, a Surveyor photodiode detector array (PDA) (Thermo Finnigan)
and a PrepFC fraction collector (Gilson Inc). Purification column: Waters reverse-phase C18 Atlantis T3
prep OBD, 5 uM, 150 x 19 mm column in linear gradients of H.O/CH3CN/0.1%TFA. The R18 peptide,
PHCVPRDLSWLDLEANMCLP, was ordered from Sigma-Aldrich, purity >98% (HPLC).

Protein Expression and Purification

14-3-3 isoforms v, 1, 0, €, 1, ¢, B FL and 14-3-30AC (AC=17 C-terminal AA) were expressed with a (His)s-
tag in NiCo21(DE3) competent cells, from a pPRoeX-Htb vector in 2TY media. The purification was
carried out by affinity chromatography on Nickel columns (HisTrap HP, 5 mL). The tags were cleaved
with a TEV protease. The proteins were then loaded again on Nickel columns to remove any non-cleaved
protein. A final purification step was performed by loading the proteins on a size-exclusion
chromatography column (HiLoad 26/600 Superdex 75 pg) equilibrated in 20 mM TRIS-HCI pH 7.5, 150
mM NaCl, 2 mM DTT.

SLP76-FL (1-533), SLP76-SH2 (361-533), SLP76-E (1-533; S376E) and SLP76-PKA (1-533; Q373R,
S374R) were expressed with a (His)s-SUMO tag in NiCo21(DE3) competent cells from a pCDFDuet-1
vector in 2TY media. The SLP76-PKA construct was transformed together with the vector pACYC
encoding for the Protein Kinase A (PKA). Cultures were incubated at 37 °C until OD600 reached the value
of 3.5. The temperature was then dropped to 18 °C until the OD600 reached the value of 4.0. A feed
solution at the final concentrations of 50 mM MOPS sodium salt pH 7.2, 1 mM MgCl., 1 mM MgSO, and
2% Glycerol was added to the cultures before inducing expression by adding IPTG to a final concentration
of 200 pM. Protein expression was carried overnight at the temperature of 18 °C. The protein purification
was carried out through affinity chromatography as for 14-3-3 proteins. The tags were cleaved with SUMO
hydrolase. A final purification step was performed by loading the proteins on a size-exclusion
chromatography column (HiLoad 26/600 Superdex 75 pg) equilibrated in 20 mM HEPES pH 7.5, 150
mM NaCl, 2 mM DTT. The SLP76-E and SLP76-PKA were additionally loaded onto a monoQ 5/50 GL
cation exchange column for an additional purification step. All purification steps were performed on an
AKTA pure protein purification system (Cytiva). SLP76-FL and SLP76-SH2 were phosphorylated in vitro
by incubating them overnight at room temperature in their storage buffer, 20 mM HEPES pH 7.5, 150
mM NaCl, 2 mM DTT, supplemented by 0.75 mM ATP, 20 mM MgCl. and HPK1 kinase (Thermo Fisher
Scientific) with a kinase:protein weight ratio of 1:3000. Possible phosphorylations were checked by LC-
MS. For complex formation pSLP76-FL and SLP76-FL were incubated with 14-3-3¢ and pSLP76-SH2 and
SLP76-SH2 were incubated with 14-3-3y at a 1:1 molar ratio for 2 h at 4°C (one SLP76 copy per 14-3-3
monomer, hence 14-3-3 saturation). The SLP76-FL/14-3-3C complexes were injected in an AKTA pure
system on a Superdex 200 10/300 GL. The SLP76-SH2/14-3-3y, SLP76-E/14-3-3C and SLP76-PKA/14-3-
3¢ complexes were injected on an Agilent 1100 Series HPLC Value System system on a Superdex 200
Increase 10/300 GL column, flow 0.5 ml/min, running buffer 20 mM HEPES pH 7.5, 150 mM NacCl, 2
mM DTT.

Fluorescence Polarization and Isothermal Titration Calorimetry

FP binding assays were carried out on Corning 384-well 3575 plates, serially diluting (2-fold) 14-3-3
isoforms in the presence of 10 nM FITC-labelled peptide. Proteins and peptide were diluted from their
stock concentration in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-
20). The data were collected on a PHERAstar FSX plate reader (BMG Labtech) with an Aex 485 nm, Aem
520 nm FP filter setting. For Kp calculation the background polarization was removed from all values and
the data were fitted with a “One site - Specific binding model” on GraphPad Prism version 8.1.1 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. Each data point is the
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average of a triplicate measurement, standard deviation is reported as error bars. ITC measurements were
performed on a PEAQ-ITC (Malvern) dissolving the peptides in assay buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 5 mM MgCl., 0.05% v/v Tween-20) and dialysing the protein in the same buffer to minimise buffer
mismatch. The optimal peptide and protein concentrations were chosen simulating the experiment on the
MicroCal PEAQ-ITC Analysis Software (Malvern) according to the predicted Kp. The peptides were
titrated into the cell containing the protein using a series of 18 injections 2 uL each at 25 °C (reference
power 5 pcal/sec, stir speed 750 rpm, initial delay 60 s, spacing 150 s). The data were analysed on the
MicroCal PEAQ-ITC Analysis Software (Malvern).

X-ray protein crystallography

For protein crystallisation, a C-terminally truncated version of 14-3-30 was used (14-3-30AC, AC=17 C-
terminal AA) 4°. The binary complex was prepared mixing 14-3-30AC at 10 mg/ml with SLP76pS376 at a
1:1 and 1:1.2 molar ratio, followed by overnight incubation then at 4°C (dilution buffer: 20 mM HEPES
pH 7.5, 2 mM MgCl2). The crystallization drops were dispensed in 1:1 protein to crystallisation condition
ratio (0.5 uL + 0.5 uL). pH over PEG gradients grid crystallisation conditions: 95 mM HEPES pH 7.1-7.7,
24-29% PEG400, 190 mM CaCl., Glycerol 5%. The plate was incubated at 4 °C and crystals grew in 5 to
10 days and were observed in most of the crystallisation conditions. The data were collected on the Io4
Beamline at the Diamond Light Source. The diffraction data were processed with XDS 4! and AIMLESS
4243, The structure was solved by molecular replacement using PHASER, with a 14-3-30 structure as
search model (PDB ID: 3MHR), 4044, The initial structure was then refined using COOT 45 and PHENIX
46 The structure is deposited in the PDB with accession code 6ZCJ. All figures were generated using
PyMOL (The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC).

Mass spectrometry

LC-MS experiments were performed on a Waters Acquity UPLC-Xevo G2 Tof LCMS system, operated by
MassLynx software. Typically, 5 uL of protein solution concentrated to 1 mg/mL was injected in reverse
phase UPLC system using the following conditions: Waters Acquity UPLC BEH300 C4, 2.1 x 100mm, 1.7
uM particle size analytical column; Solvent A: 0.1% HCOOH in H-0, Solvent B: 0.1% HCOOH in CH;CN;
flow rate 0.3 mL/min; gradient: o min, 5% B; 5 min, 60% B; 6 min, 95% B. Mass spectrometry data were
collected over the m/z range 100-5000 Th, with a scan rate of 0.5 seconds. The mass spectrometer was
calibrated over this mass range using Nal clusters. Native mass spectrometry experiment was run on the
14-3-3 {/pBLNK-FL complex on a Thermo Fisher Exactive Plus EMR MS fitted with an Advion Nanomate
chip-based nanoESI instrument for sample introduction. Prior to analysis, protein sample was buffer
exchanged into 50 mM ammonium acetate, pH 6.9 using 2 pre-washed Zeba desalting columns (7 kDa
MWCO, Thermo Fisher Scientific). The Exactive Plus MS was operated in EMR mode, with trap gas set at
6.0 and source, C-trap and collision energies optimised for improved transmission of protein complexes
as necessary. Data were collected over the m/z range 3500-7000 Th. The MS was calibrated using CsI
clusters up to approximatively m/z 11,000 Th.

Surface Plasmon Resonance

SPR experiments were performed on a Biacore T200 (Cytiva). The running and diluting buffer used was
HBS-P (10 mM HEPES pH 7.4, 150 mM NaCl, 0.05% P20). 14-3-3y was immobilised on a Sensor Chip
NTA (Cytiva) at about 150 RUs exploiting the interaction between the Ni2+ charged chip and the double
(His)s-tag present on 14-3-3y. SLP76-SH2 was serially diluted from 1 uM and flowed over the immobilised
14-3-3y at 30 puL/min for 120 s before allowing dissociation for 6 minutes. The top SLP76-SH2
concentration was calculated to give a maximum response of approximately 100 RUs. After every cycle,
the chip was washed with EDTA and Ni2+ and 14-3-3y re-injected for the next cycle. The binding
experiment of SLP76-SH2 on 14-3-3y was performed in triplicates and the Kp was determined with the
steady state affinity model. Reference subtracted data was exported and fitted with a “One site - Specific
binding model” on GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La Jolla California
USA, www.graphpad.com.
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3.5 Supporting Information
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Figure S 3.1 | FP curve of the R18 peptide control on the 14-3-3y/SLP76pS376 system.
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Figure S 3.2 | Additional ITC measurements of 14-3-306/SLP76pS376 (left) and 14-3-
3¢/SLP76pS376 (right).
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a) SLP76-FL mass spectra deconvolution
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b) SLP76-PKA mass spectra deconvolution
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Figure S 3.3 | Deconvolution of the MS spectra of pSLP76-FL, SLP76-PKA and pSLP76-SH2.
The expected molecular weight of the proteins in absence of phosphorylation is reported at the top left of
the spectra for reference and has been used to calculate the number of phosphorylation events. a)
Deconvolution of the pSLP76-FL MS spectra b) Deconvolution of the SLP76-PKA MS spectra c)
Deconvolution of the p SLP76-SH2 MS spectra.
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Figure S 3.4 | Last purification steps of the constructs SLP76-FL, SLP76-E, SLP76-PKA and
SLP76-SH2. a) SEC profile and SDS-PAGE of the SLP76-FL construct. b) SEC and cation exchange
profiles and SDS-PAGE of the SLP76-E construct. ¢) SEC and cation exchange profiles and SDS-PAGE of
the SLP76-PKA construct. d) SEC profile and SDS-PAGE of the SLP76-SH2 construct.
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Table S 3.1: Data collection and refinement statistics of the 14-3-30/SLP76pS376 crystal structure.

Data collection
Space group C222,
Cell dimensions
a,b,c, () 82.10,111.87, 62.4
Resolution (&)  66.19-1.53 (1.56-1.53)
Rinerge (%) 0.035 (043)
<I/o(I)> 20.1(1.6)
Completeness (%) 99.1(90.1)
Multiplicity 5.8 (2.5)
CC(1/2) 1.00(0.78)

Refinement
Resolution (A)  66.19-1.53
No. Reflections 43290
Rwork/Rfree 0.17/0.19

No. Atoms
Protein 2041
Water 314

B-factors(A2)
Protein  27.54
Water 38.43

R.M.S.D.
Bond lengths () 0.008
Bond angles (°) 0.922

Ramachandran statistics (%)
Favoured 98.74
Allowed 1.26
Outliers 0.00
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Chapter 4

TR-FRET and FP Assay Development for the
discovery of 14-3-3/SLP76 PPI stabilisers

Abstract

Assay development is an important step in the lead generation phase of every drug discovery project.
It is essential that the chosen assay reach the standards of reproducibility and robustness that would allow
to unequivocally detect variations attributable to compounds exposure. In this chapter, a Time-Resolved
Fluorescence Energy Transfer (TR-FRET) assay has been developed on the 14-3-3y/SLP76-SH2 system.
The assay will be implemented to run a High Throughput Screening (HTS) and in the subsequent phases
of hits characterization. Additionally, a second Fluorescence Polarization assay has been validated on the
SLP76pS376 shorter peptidic system. This assay will be used complementary to the TR-FRET one in the

second phase of hits characterization.
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4.1 Introduction

In this chapter the steps that have been performed on the 14-3-3y/SLP76-SH2 and on the 14-3-
3Y/SLP76pS376 systems to validate the assays for the identification of small molecule stabilisers will be
described.

4.1.1 Fluorescence Resonance Energy Transfer principles

Fluorescence Resonance Energy Transfer, most commonly referred to as FRET, is a non-radiative
transfer of energy that occurs from an excited donor molecule to a matched acceptor molecule as a

consequence of a close proximity between the two (typically 10 to 100 &) 2.

The FRET phenomenon can be implemented in the detection and characterisation of interactions
between biomolecules like proteins, provided they are labelled with the appropriate FRET pair of acceptor
and donor. The proximity of the two molecules results in a FRET signal, which is directly proportional to
the amount and strength of the interacting molecules 3. One downside of FRET, especially when applied
to assays designed to identify modulators of a PPI, is that the compounds are often excited alongside with
the donor molecule. This causes an additional read-out from the compounds that are not necessarily hits,

resulting in false positives.

Time-Resolved Fluorescence Electron Transfer, TR-FRET, compensates for that issue by making
large use of lanthanides as donor molecules which are known for their extended fluorescence lifetime 4s.
One great advantage of longer fluorescent emission is that it can allow a delayed detection of the signal
read-out. This gives time to the shorter fluorescent emissions, originating from either compounds or other
macromolecules, to decay 6. The rapid development of FRET related technologies in the last decades
allowed to combine the FRET phenomenon with the TR-FRET technology, giving rise to Homogeneous
Time Resolved Fluorescence, or HTRF 7. HTRF exploits a ratiometric read-out by calculating the ratio of
the fluorescence of the acceptor over the fluorescence of the donor (Figure 4.1). Calculating the ratio of
the two emission wavelengths instead of using a single wavelength, allows to compensate for well to well
differences which could lead to misleading results 7. Media variability and signal interference are cancelled

and only the read-out of the interaction under investigation is taken into consideration.

This technology is now widely used for the detection and characterization of biomolecular interactions

and can be implemented in high throughput screenings campaigns 738.
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Figure 4.1 | Cartoon representation of the HTRF setup implemented in this work. The two
proteins of interest, SLP76 and 14-3-3y have been labelled with Tb and AF647 respectively to generate a
suitable matched pair of donor molecule (Tb) and acceptor molecule (AF647). a) The donor molecule, Tb
labelled 14-3-3, is excited at the proper wavelength of 337 nm. However, because the corresponding
acceptor is not in the proximity (no binding) no signal is detected. b) SLP76 bound to 14-3-3 brings the
acceptor molecule AF647 close to the donor, allowing energy transfer from one to the other. A radiation
with the wavelength of 665 nm is consequently emitted to generate a detectable signal. The read-out is
the ratio of the light emitted at 665 nm over the light emitted at 620 nm.

4.1.2 14-3-3 inhibitor R18 as a tool to probe 14-3-3 PPIs

A peptidic inhibitor of 14-3-3 was identified by phage display 9. The antagonist is a 20-mer peptide,
called R18, with the following amino acid sequence: PHCVPRDLSWLDLEANMCLP. R18, it was shown to
inhibits the 14-3-3/Raf-1 protein-protein interaction without showing any 14-3-3 isoform selectivity 1.
R18 binds to 14-3-31, 14-3-3P and 14-3-3¢ with = 80 nM affinity 9. Its tight binding to 14-3-3 regardless of
the isoform makes it a valuable tool to probe 14-3-3 PPIs. In the context of this work, the R18 peptide has
been used in the preliminary assay development process of an HTS for the identification of the SLP76/14-
3-3y PPI stabilisers.

A crystal structure of the R18 peptide has been solved in complex with 14-3-3¢ 1. The crystal structure
elucidates how R18 binds to 14-3-3¢ via its canonical amphipathic groove, which most of the time
accommodates biologically relevant phosphorylated motifs. The structural binding characterization also
explains how R18 acts as an inhibitor of 14-3-3 proteins exploiting a WLDLE motif for binding to 14-3-3
proteins. In Figure 4.2 a superposition has been performed between the 14-3-3¢/R18 crystal structure
(PDBID: 1A38) and the 14-3-30/SLP76 crystal structure solved as part of the work presented in this thesis
(PDB ID: 6ZCJ). Although the superposition occurs between two different 14-3-3 isoforms, the 14-3-3
residues involved in the binding of the R18 and SLP76 peptides within the amphipathic groove are
conserved among all 7 isoforms. From the picture it is possible to observe how the R18 peptide in yellow
occupies the same position as, in this case, the SLP76-derived synthetic peptide (Figure 4.2). At the
appropriate concentration, the R18 peptide can therefore displace 14-3-3 binding partners by replacing

them in the canonical binding site.
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Figure 4.2 | Superposition of the 14-3-3¢/R18 (1A38) and the 14-3-306/SLP76 (6ZCJ) crystal
structures. a) Surface representation of R18 and SLP76 bound to 14-3-3. 14-3-30 is represented as white
surface, the R18 peptide is represented as yellow surface and the SLP76 peptide is represented as blue
surface. b) Sticks and cartoon representation of R18, SLP76 and 14-3-30 respectively. SLP76 peptide (blue
sticks) is bound to 14-3-30. The R18 peptide (yellow sticks) superposed on the 14-3-30/SLP76 structure
occupies the same spot as the SPL76 peptide, revealing the inhibitory mechanism of R18.

4.2 Results and Discussion

4.2.1 Preliminary binding tests of SLP76-SH2 to 14-3-3y and titration of SLP76-
SH2 over 14-3-3y defines the final 14-3-3y assay concentration

SLP76-SH2 was initially titrated against different concentrations of 14-3-3y (0.1, 0.3, 1, 3 and 10 nM)
to test whether the binding would occur in an HTRF setup using labelled SLP76-SH2 and 14-3-3y (Figure
4.3). The HTREF signal raised proportionally to the increase in concentration of SLP76-SH2, as expected
in the case of a binding event. However, the titration curves showed a certain degree of non-specific
binding at higher SLP76-SH2 concentrations, due to the high concentration of fluorophore present in
solution. The titration curves in fact do not show a plateau but a rather sharp and constant linear signal
increase (Figure 4.3). In order to understand whether the nature of this PPI would provide an appreciable
specific signal increase under this HTRF setup, the same assay was repeated in the presence of R18 at 10
uM (Figure 4.4). From Figure 4.4 it is possible to observe how non-specific binding affects the shape of
the titration curves. By being a 14-3-3 inhibitor, the R18 peptide at that concentration is supposed to
compete with SLP76-SH2 and completely prevent its binding to 14-3-3y. All the signal generated by that
titration curve can therefore be associated with non-specific binding. Consequently, the subtraction of the
values of the curve in the presence of R18 (non-specific) from the values of the curve in absence of it (non-
specific + specific) generates a curve which is attributable only to the specific binding of 14-3-3y and
SLP76-SH2 (Figure 4.4).
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Figure 4.3 | Binding saturation assay obtained by titrating SLP76-SH2 over different
concentrations of 14-3-3y.
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Figure 4.4 | Illustration of the non-specific binding effect observed for SLP76-SH2 binding
to 14-3-3y at 1 nM. The blue curve represents the totality of the binding: SLP76-SH2 binding specifically
to 14-3-3y with the addition of non-specific binding. The red curve represents the same titration curve
with the addition of a constant concentration of R18, at 10 uM. The trend of the curve is linear and directly
proportional to the increase of fluorophore attached to SLP76-SH2. The aquamarine curve represents the
subtraction of curve 2 from curve 1, generating a specific binding curve.

In order to define the optimal concentration of Tb-labelled 14-3-3y to use in the HTS (High
Throughput Screening), the binding saturation assay at different 14-3-3y concentrations was repeated in
the presence of 10 uM R18 (Figure 4.5). The final 14-3-3y concentration was chosen considering the assay
stability and reagent consumption. Since Th-labelled samples are expensive we wanted to minimise the
amount of 14-3-3y-Tb used in every step of the assay development, the HTS and the follow-up of hits. The
concentration chosen was 1 nM because it generated the first stable curve of the series with a calculated

Kp comparable to 3 and 10 nM of Th-labelled 14-3-3.
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Figure 4.5 | Binding saturation assay obtained by titrating SLP76-SH2 over different
concentrations of 14-3-3y. For each curve, the non-specific binding signal has been subtracted.

Up to this point, the work has been carried out in parallel with another 14-3-3 protein target which is
described in this thesis: BLNK. Like SLP76, BLNK is involved in an analogous pathway downstream of
BCRs. Given our interest in the identification of small molecule stabilisers of addressable biological

targets, we performed these initial assay development stages on BLNK as well.

As for SLP76, a shorter construct of BLNK has been designed, expressed and purified, BLNK-SH2.
The two constructs showed a remarkable degree of analogy in terms of the success in the challenging and
demanding processes of production, purification and phosphorylation in vitro. It was then logical to work
on both constructs in parallel in order to maximise the chances of success. BLNK-SH2 was labelled with
AF-647 as SLP76-SH2 and titrated on a fixed 14-3-3y concentration. The same identical titration was
repeated in the presence of R18 to assess the contribution of non-specific binding (Figure 4.6). At this
point, a comparison with SLP76-SH2 was necessary to spot potential differences and to identify the best

construct to focus on for the next steps.
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Figure 4.6 | Comparison of the binding assay of SLP76-SH2 and BLNK-SH2 to 14-3-3y in
the presence and absence of R18.
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The assay clearly showed that R18 is capable of inhibiting both interactions. The signal is in fact
significantly lower in the presence of R18. It is also possible to notice how SLP76-SH2 at the same
concentration as BLNK-SH2 generates a higher signal. This is most likely attributable to the higher affinity
of SLP76-SH2 to 14-3-3y compared to BLNK-SH2. The signal generated from BLNK-SH2 is unfortunately
too small and the assay window between the non-specific and specific signal too narrow. BLNK-SH2 does
not possess the ideal features that would allow us to keep working on it. One could argue that it could be
easier to identify small molecule stabilisers of a PPI with a lower affinity, because the room to improve
that affinity would be higher. However, it is also necessary to consider the practicalities and consumables
that a delicate experiment such as an HTS requires. Our preference was therefore to prioritize the SLP76-

SH2 project.

4.2.2 R18 competitive assay validates the assay and defines its final
concentrations

Reversible competitive inhibition is a condition that applies when given an enzyme and a substrate,
or a protein “A” and a protein “B”, their interaction can be reversibly inhibited. The higher the inhibitor
concentration, the more substrate or protein is displaced from its binding site. As the reaction reversible,
the ligand has the same effect as the inhibitor if we look at it from the opposite perspective 2. The
relationship between inhibitor and substrate/protein is therefore strictly related to their concentration
and is described by the Cheng-Prusoff equation 3. In order to validate the assay and define the SLP76-
SH2 concentration to use in the HTS, a competitive inhibition assay has been implemented, exploiting
the R18 inhibitor.

The assay has been designed in a way that identical titrations of SLP76-SH2 against 14-3-3y are
repeated in the presence of increasing concentrations of R18 inhibitor (Figure 4.7). From a minimum of
0 uM, as a reference, to a maximum of 10 uM where the SLP76-SH2/14-3-3y interaction is completely
blocked. The assay has been fitted with a competitive inhibition model (the Cheng-Prusoff equation) from
which it was possible to calculate the Kp of the SLP76-SH2/14-3-3y interaction as well as the K;, the R18
inhibition constant to the SLP76-SH2/14-3-3y interaction. The calculated Kp, 524.1 nM + 48.5 nM,
provided the SLP76-SH2 concentration to use in the HTS. The value was in the later stages approximated
to 600 nM. The calculated R18 Kj, 9.1 nM + 0.7 nM, provided an additional confirmation of the quality of
the assay since the value could be compared with the number already present in the literature: = 80 nM
911, The R18 peptide competitively inhibits the SLP76-SH2/14-3-3y system, therefore validating the assay
(Figure 4.7).
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Figure 4.7 | R18 Competitive inhibition assay using R18. Identical titrations of SLP76-SH2 on 14-
3-3y were performed, in the presence of increasing R18 concentrations. The R18 peptide was tested at
concentrations between 0 uM and 10 uM. Each curve is colour coded from light orange to dark orange
respectively. The Kp and the K; calculated from the model are reported below the legend.

4.2.3 R18 inhibition assay and DMSO tolerance defines final assay conditions
and 7’

The SLP76-SH2 and 14-3-3y concentrations to use in the HTS were determined and the HTRF assay
has been validated. An additional assay allowed us to test for the DMSO tolerance of the system and to
calculate the R18 IC50’s in the presence of 0 %, 1 %, 2 % and 5 % DMSO.

The assay was essentially an R18 inhibition assay. R18 was titrated against constant SLP76-SH2 and
14-3-3y concentrations: 600 nM and 1 nM respectively. These concentrations are the ones that will be
used in the actual HTS (Figure 4.8). The assay plate setup was also designed to be as close as possible to
the final assay having the first two columns dedicated to the DMSO control, and the last two columns
dedicated to the negative control, R18 at 1 uM (Figure 4.8a). The R18 was added to columns 3 to 22
dissolved in 100% DMSO, mimicking the addition of a small molecule dissolved in 100% DMSO, an
important detail in an assay development process. The correct dilutions provided the desired final DMSO

concentration in the wells.
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Figure 4.8 | Assay plate setup and Ri8 inhibition assay fitting curves. a) A cartoon
representation of an assay plate shows the standard assay setup for this stage. Columns 1 and 2 contain
the DMSO control composed of either 0%, 1%, 2% or 5% DMSO. Columns 23 and 24 contain the R18
negative control, composed of R18 at 1uM in either 0%, 1%, 2% or 5% DMSO. The HTRF signal has been
normalised to 1 for the maximum response (green dots) and to 0 for the minimum one (red dots).

The fitting curves allowed to calculate R18 IC50s in the presence of different percentages of DMSO.
The calculated values resulted to be all within a 1-fold difference to one another, despite the presence of
increasing concentrations of DMSO. This provided a first confirmation of the robustness of the assay. The
plate columns dedicated to the controls allowed to calculate the Z’, an important statistical parameter
used to determine any assay quality based on their controls 4. The Z’ can be calculated with the following
formula: Z’=1-[(30c++30¢-)/(|uc+-pc-])] where oc+ and oc- are the standard deviations of the DMSO
control and the negative control respectively, and pc+ and pc- are the mean of the DMSO control and the
negative control respectively. The Z’ factor can only take values between and 0 and 1. An excellent assay
normally has Z’ values between 0.5 and 1, and ensures that the assay possesses a good enough signal
window to identify potential hits 4.

All the Z’ factor values calculated for the SLP76-SH2/14-3-3y interaction at the varying DMSO
percentages met the expectations in terms of assay quality (Figure 4.8b). Moreover, the assay showed to
be more stable, having higher Z’ factor values, towards higher DMSO concentrations. This situation is
ideal because an assay that can take higher DMSO concentration is more likely to avoid compounds

precipitation providing more range to the assay.

Altogether, the results obtained from this R18 inhibition assay ultimately defined the assay conditions

and assessed its robustness.
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4.2.4 Automated liquid handling tests complete the final assay development
process

A High Throughput Screening that involves tens of thousands of small molecules is a delicate process.
It should be avoided having to repeat the assay because of piece of equipment failures. Automated liquid
handling robots therefore need to be tested in advance multiple times to assure their proper function
under the same assay conditions that has been defined in the previous steps. Every single step needs to
be as close as possible to the actual screening. The Z’ factor is again used to evaluate the quality of the

assay.

A few plates containing the protein mixture at the defined concentrations, the DMSO control, the
negative control and 5% DMSO mimicking the compounds over all the rest of the plates, have been tested
in few different days (Figure 4.9). Despite the Z’ factors calculated for all the tests indicating ideal assay
conditions, test 1 and 2 showed a drifting effect towards the end of the plate. The specific trend the drifting
effect took indicated a potential serial fault in pipetting and/or a sealing defect rather than aleatory events.
Drifting effects like that could seriously impair the process of hit selection of an HTS and could question
the entire fate of the experiment. The faults were addressed promptly, and further tests (3 and 4) have
been performed to confirm their resolution. The assay was demonstrated to be robust enough, also after

overnight incubation at room temperature (Figure 4.9).
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Figure 4.9 | Automated liquid handling plate tests. The graph plots represent the plate read-outs.
The green dots represent the DMSO controls, which in this case are formally identical to the other wells
being all supplemented with 5% DMSO. The red dots represent the R18 negative control.
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4.2.5 Fluorescence polarization assay validation for 14-3-3y/SLP76pS376 and
14-3-3y/BLNKpT152

The fluorescence polarization assay was developed starting by titrating 14-3-3y on different constant
concentrations of SLP76pS376 FITC labelled peptide: 10, 50 and 100 nM (Figure 4.10a) in order to define
the assay concentrations. The 14-3-3y isoform was chosen for consistency with the HTS work. The Kp
calculated from the fitting curves showed to be very comparable. We have therefore chosen the lowest
concentration of labelled peptide to use in the further steps of the assay: 10 nM. To validate the assay and
DMSO tolerance we used the R18 peptide as we did before (Figure 4.10b, c). The R18 peptide was titrated
in an inhibition assay on constant 14-3-3/peptide concentrations in the presence of 0 %, 1 %, 2 % and 5 %
DMSO. IC50s values and Z’ factors were calculated based on this assay. We also validated the 14-3-
3y/BLNKp152 system (Figure 4.10c) with the intent to use it as a counter screen for compounds testing.
The R18 peptide showed to inhibit both systems in all the DMSO concentrations tested. The IC50s values
calculated from the inhibition curves were all comparable and were in the low micromolar range. The
values for the 14-3-3y/BLNKpT152 system were slightly higher in all DMSO concentration and that is
explained by the fact that the concentration of 14-3-3y in that specific assay was 2 pM rather than 600 nM
(as for the 14-3-3y/SLP76pS376 system). IC50s values depend in fact on the assay conditions. Both assays
were designed in a way that allowed to calculate Z’ factors. The first two and last two columns of the assay
plates were in fact dedicated to the DMSO and the negative control (R18 10 uM) respectively. Regardless
of the DMSO concentrations all the Z’ factors calculated were higher than 0.75 with the one at 5% DMSO,
higher than 0.91. These tests qualified the assays as excellent, sensible and robust enough to detect

variations attributable to potential compound titrations.
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Figure 4.10 | Assay development steps for the 14-3-3y/SLP76pS376 and 14-3-
3y/BLNKpT152 systems. a) Binding saturation curves of 14-3-3y on different concentrations of
labelled peptide. Kp values are reported below. b), ¢) R18 inhibition assays for the 14-3-3y/SLP76pS376
and 14-3-3y/BLNKpT152 systems. IC50’s values and Z’ factors are reported below. The green dots
represent the positive control and the red dots represent the negative control. The dots are the result of
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the average of the read-out of 16 wells of the first two and last two columns of the plate and they have been
used in the Z’ factor calculation.

4.3 Conclusions

In this chapter we implemented and developed a TR-FRET assay aimed at the identification of
modulators of the 14-3-3/SLP76 PP1. A BLNK construct was tested as well in the initial stages of the assay
development process. However, it did not prove to be a good candidate to bring further into the HTS steps.
The extended use of the commercially available 14-3-3 inhibitor R18 proved to be useful on few different
aspects. Firstly, it allowed to discriminate between non-specific and specific FRET signal. Secondly, it was
used in a competitive inhibition assay to validate the screening assay and to determine the final assay
concentrations. Finally, it was used to determine DMSO tolerance, assay robustness and it will be used as

the assay control in every phase of the HTS and follow-up of the hits.

A fluorescent polarization assay was also validated for two peptidic targets: SLP76pS376 and
BLNKpT152. The intent will be to use it as additional tool to test compounds active in the primary TR-
FRET assay to identify potential connections between the SLP76-SH2 system and the SLP76pS376
peptide system.
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4.4 Material and Methods

TR-FRET manual assay development steps: 14-3-3y and SLP76-SH2
concentration determination

For all the initial assays, Corning 384-well 3574 assay plates were used. AF647 labelled SLP76-SH2 was
titrated from a top concentration of 10 M, 5 uM and 3 uM following a 2 or 3-fold dilution against fixed
concentrations of Tb labelled 14-3-3y: 0.1 nM, 0.3 nM, 1 nM, 3 nM and 10 nM. Identical titrations were
performed in the constant presence of R18 at 10 uM to identify the non-specific signal. The non-specific
signal was then subtracted from the total read-out before the fitting to generate the specific signal. For the
R18 competitive inhibition assay, AF647 labelled SLP76-SH2 was titrated from a top concentration of 3
uM following a 2-fold dilution against Tb labelled 14-3-3y at 1 nM. Every single titration was repeated in
the presence of constant concentrations of R18 at o uM, 0.03 uM. 0.1 uM, 0.3 uM and 10 uM. The titration
in the presence of R18 at 10 uM was subtracted from all the others generating specific signal. All the
reagents were diluted in the assay buffer: 50 mM Tris pH 7.5, 150 mM NaCl, smM MgCl., 0.05% v/v
Tween-20 and mixed in the Corning 384-well 3574 assay plate to reach the final assay volume of 30 uL,
that is 10 uL per reagent (Tb labelled 14-3-3, AF647 labelled SLP76-SH2 and R18). The data were collected
on a PHERAstar FSX plate reader (BMG Labtech) with an Aex of 337 nm, Aem of 665 nm and 620 nm
HTREF filter setting. All the data were exported in GraphPad Prism version 8.1.1 for Windows (GraphPad
Software, La Jolla California USA, www.graphpad.com). The data were fitted with “One site - Specific
binding model”, “One site - Total binding model” and “Completive inhibition binding model”. Each data
point is the average of a triplicate or quadruplicate measurement, the standard deviation is reported as
error bars.

TR-FRET automated assay development steps: DMSO tolerance and assay
robustness determination

For the R18 inhibition and DMSO tolerance assay, columns 1 and 2 of four Corning 384-well 3574 assay
plates were prefilled with 2 pL of 0%, 20%, 40% and 100% DMSO in assay buffer, using a Multidrop
Dispenser (ThermoScientific).The assay buffer contained 50 mM Tris pH 7.5, 150 mM NaCl, 5mM MgCl2
and 0.05% v/v Tween-20. Similarly, columns 23 and 24 were prefilled with 2 uL of R18 peptide dissolved
at 20 uM in the assay buffer containing 0%, 20%, 40% and 100% DMSO. 40 uL of protein mixture,
composed of 14-3-3y-Tb at 1 nM and SLP76-SH2-AF647 at 600 nM in assay buffer, were added to columns
1, 2, 23 and 24 with a Multidrop Dispenser (ThermoScientific). This way, final concentrations of 1 uM R18
and 0%, 1%, 2% and 5% DMSO were reached.

For generating the inhibition curve, R18 was pre-diluted following a 2-fold dilution series from a top
concentration of 20 uM. 2 pL of the R18 dilution series in assay buffer containing 0%, 20%, 40% and
100% DMSO were added in duplicates from column 3 to column 22 of the assay plate. 40 pL of the protein
mixture in assay buffer were consequently added on top, to give four inhibition curves at 0%, 1%, 2% and
5% DMSO. The data were collected on a PHERAstar FSX plate reader (BMG Labtech) with an Aex 337 nm,
Aem 665 nm and 620 nm HTRF filter setting. All the data were exported in GraphPad Prism version 8.1.1
for Windows (GraphPad Software, La Jolla California USA, www.graphpad.com). Before fitting, the data
were normalised defining the negative control, R18 columns 23 and 24, as 0 and the DMSO control,
columns 1 and 2, as 1. The data were fitted with a “Dose-response - inhibition binding model”. Each data
pointis the average of a duplicate measurement, the standard deviation is reported as error bars. Z’ factors
were calculated from the DMSO control (columns 1 and 2) and negative control (columns 23 and 24).

Assay robustness was tested by preparing Corning 384-well 3574 assay plates prefilled with a Multidrop
Dispenser (ThermoScientific) as described above. 2 uL of 100% DMSO were dispensed throughout the
entire plate, except for columns 23 and 24 which were filled with 2 pL of R18 peptide dissolved at 20 uM
in 100% DMSO. 40 pL of protein mixture in assay buffer were added to all the wells. 30 pL were then
transferred by a Biomek FXP Automated Workstation (Beckman Coulter) into a new set of Corning 384-
well 3574 assay plates to get the final assay conditions and volumes. The plates were sealed and incubated
with gently shaking for g4h before reading the plates. Additional readings to check robustness were
performed after overnight incubation as well. The data were collected on a PHERAstar FSX plate reader
(BMG Labtech) with an Aex 337 nm, Aem 665 nm and 620 nm HTREF filter setting. All the data were
exported in GraphPad Prism version 8.1.1 for Windows (GraphPad Software, La Jolla California USA,
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www.graphpad.com), and plotted on columns over read-out graphs. Z’ factors were calculated from the
DMSO control (columns 1 and 2) and negative control (columns 23 and 24).

Fluorescence Polarization validation assay for SLP76pS376 and BLNKpT152

FP binding saturation curves on 14-3-3y/SLP76pS376 were performed as described in Chapter 3. For the
R18 inhibition and DMSO tolerance assay, columns 1 and 2 of four Corning 384-well 3574 assay plates
were filled with 10 pL of assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-
20) containing DMSO at the final concentration of 0%, 1%, 2% and 5%; 10 uL SLP76pS376 and
BLNKpT152 FITC-labelled at 10 nM; 10 pL 14-3-3y-FL at 600 nM for the SLP76pS376 case and 2uM for
the BLNKpT152 case for a final volume of 30 uL. Columns 23 and 24 contained the same volumes and
concentrations of FITC-labelled peptides and 14-3-3y with the addition of R18 at 10 uM diluted in buffer
containing DMSO at the final concentration of 0%, 1%, 2% and 5%. FITC-labelled peptides and 14-3-3y
were added at columns 3 to 22 in the same volumes and concentrations. Finally, an R18 2-fold dilution
series from a top concentration of 10 uM was added in 10 pL to provide the titration inhibition curve at
different DMSO concentration (buffer, 1%, 2% and 5%). The data were collected on a PHERAstar FSX
plate reader (BMG Labtech) with an Aex 485 nm, Aem 520 nm FP filter setting. For Kp calculation the
background polarization was removed from all values and the data were fitted with a “One site - Specific
binding model” on GraphPad Prism version 8.1.1 for Windows (GraphPad Software, La Jolla California
USA, www.graphpad.com). For the R18 inhibition curves the data were normalized setting 0 as the
maximum Ri18 inhibition achieved and 1 the DMSO control. The data were fitted with a “[Inhibitor] vs.
response - Variable slope (four parameters) model”. Each data point is the average of a triplicate
measurement, standard deviation is reported as error bars.
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Chapter 5

Identification of Molecular Glues of the SLP76/14-
3-3 Protein-Protein Interaction

Abstract

The stabilisation of protein-protein interactions (PPIs) through molecular glues is a novel and promising
approach in drug discovery. In stark contrast to research in protein-protein inhibition the field of
stabilisation remains underdeveloped with comparatively few examples of small-molecule stabilisers of
PPIs reported to date. At the same time interest in identifying molecular glues has received recent
sustained interest, especially in the fields of targeted protein degradation and 14-3-3 PPIs. The hub-
protein 14-3-3 has a broad interactome with more than 500 known protein partners which presents a
great opportunity for therapeutic intervention. In this study we have developed an HTRF assay suitable
for HTS of the 14-3-3/SLP76 PPI and have completed a proof of concept screen against a chemically
diverse library of 20K molecules. The adaptor protein SLP76 has been reported to interact with 14-3-3
proteins downstream of the TCR playing an important role in mediating its own proteasomal degradation.
We believe that stabilisation of this PPI could be exploited to potentiate degradation of SLP76 and
therefore inhibit TCR signalling. This would represent an interesting alternative to other approaches in
the field of targeted protein degradation. Here we disclose novel stabilisers of the 14-3-3/SLP76 PPI across
multiple different chemotypes. Based on the early results presented here we would recommend this

approach to find molecular glues with broad applicability in the field of 14-3-3 PPIs.

Part of this work will be published as: Soini, L., Redhead, M., Westwood, M., Leysen, S., Davis, J., and
Ottmann, C. Identification of molecular glues of the SLP76/14-3-3 protein-protein interaction.
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5.1 Introduction

Inhibition of protein-protein interactions has become an established approach in drug discovery and
has delivered successful examples to the market and in clinical trials 3. In contrast, the stabilisation of
Protein-Protein Interactions (PPI) remains a relatively novel field in drug discovery but has seen a
considerable increase in interest over the last two decades. Although stabilising PPIs is considered a
challenging approach, it has significant advantages. The binding epitopes generated at the interface of two
different target surfaces confer an intrinsically higher potential for selectivity and theoretically even
modest enhancements of the affinity of an already occurring PPI could lead to useful levels of activity 4.
The natural immunosuppressant products Cyclosporine and FK506 were among the first reported
examples of molecular glues, although their mechanism of action was elucidated retrospectively 57. Most
recently, small-molecule approaches have been pursued. PROTACs (Proteolysis Targeting Chimeras) are
classes of bifunctional small molecules that promote proximity between an ubiquitin ligase and a
substrate protein, leading to the degradation of the latter 8-11. Smaller, monovalent molecules grouped
under the IMiDs drug class, capable of promoting the ubiquitination of substrates targeting them for
degradation, have also been described with thalidomide and lenalidomide the main examples '2-15. The
ability to target proteins for degradation using small molecules has expanded the range of accessible new

targets previously considered to be undruggable6.17.

So far, rationally designed small molecules aimed at the stabilisation of a PPI between an E3 ligase
and its specific interaction partner has been the direct route to enhance protein degradation 8-21. However,
mechanisms that indirectly promote protein degradation might be an alternate approach to find novel,
therapeutically useful chemical matter. Protein degradation can be modulated via ubiquitination 22,
phosphorylation 2324, acetylation 25, sumoylation 26, or, as some studies have suggested, via interaction
with adaptor proteins such as 14-3-3 2731, 14-3-3 proteins are a family of eukaryotic adaptor proteins that
are known for recognizing specific pSer/pThr containing motifs on binding partners 32:33. In humans, they
are present in seven isoforms (B, y, 0, ¢, 1, € and t). Composed of alpha helices and loops they can form
either homo and hetero dimers 34. 14-3-3 proteins have a remarkable interactome with up to 500 binding
partners 35 and are involved in a plethora of biological processes which include apoptosis, cellular
trafficking, cell-cycle and signal transduction 36. With a role as a central hub protein this makes the 14-3-
3 family drug targets of huge, but as yet unrealised, potential 37. Among the most important related
diseases to 14-3-3 and therapeutically relevant binding partners are: cancer (p53) 38, Parkinson’s Disease
(LRRK?2) 3940, Alzheimer’s Disease (Tau) 4t and Cystic Fibrosis (CTRF) 4243, The stabilisation of 14-3-3
PPIs has been an area of active research since the natural product Fusicoccin-A (FC-A), a wilt-inducing
phytotoxin produced by the fungus Phomopsis amygdali, was first identified as a 14-3-3/H*-ATPase PPI
stabiliser 4445. Cotylenin-A (CN-A), a remarkably similar compound to FC-A has also been reported to
stabilise 14-3-3 PPIs 4647. The natural products Fusicoccin-A and Cotylenin-A showed very good
stabilisation properties and physiological activity on the 14-3-3/ H*-ATPase system, theoretically opening
the way for natural products derivatives that could improve binding properties and introduce selectivity
for other systems 454748, However, their chemical complexity and properties make them challenging to

progress as potential drug candidates. Biosynthesis, total synthesis and semi-synthesis are under
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investigation, but are far from being completely actualised 49-5t. Pyrroldone-1 was the first 14-3-3 stabiliser
identified via High Throughput Screening (HTS), providing the possibility of more easily optimisable
starting points amenable to rational design 5253. Fragment-based approaches have also been pursued 5+
56, Despite these successful examples of 14-3-3 PPI stabilisers the field is still significantly lacking in novel
chemotypes to stimulate development of the next generation of PPI stabilisers. In this study we have
developed a Homogenous Time-Resolved Fluorescence (HTRF) assay suitable for HTS on the 14-3-
3/SLP76 PPI and have completed a proof of concept screen against a chemically diverse library of 20K
molecules. Previous screening approaches have relied on short phopshopeptides to mimic the 14-3-3
protein partner which, although convenient, have significant limitations. Pivotal to our approach was to
commit to using an SLP76 protein construct which we believe is both more relevant and opens the
possibility of finding molecular glues beyond the small binding epitope of the peptide. 14-3-3 has been
reported to interact with the protein SLP76 via one specific phosphorylation site located on SLP76, Ser376
5758, SLP76 is an adaptor protein that orchestrates the signalling downstream of TCRs helping to modulate
the immune response 5960, The SLP76 phosphorylation on Ser376 is performed by the kinase HPK1
(Hematopoietic progenitor kinase 1) and revealed a sophisticated negative feedback mechanism by which
TCR signalling is modulated. The binding of 14-3-3 to SLP76 seems to mediate the proteasomal
degradation of the latter which results in a negative regulation of TCR signalling. We believe that
stabilisation of the 14-3-3/SLP76 PPI by means of a small molecule could therefore increase SLP76
degradation. An enhancement of the negative regulation of the TCR signalling could be beneficial in the

context of autoimmune and inflammatory conditions mainly driven by over activated T-cells.

In order to find stabilisers of the 14-3-3/SLP76 PPI we generated a protein system composed of full-
length 14-3-3y and a 20 KDa phosphorylated SLP76 construct. This introduced a higher degree of
complexity since 14-3-3 PPIs are more typically investigated using 12-mer synthetic peptides to mimic the
14-3-3 binding partner. We then developed and ran an HTRF-HTS (Homogeneous Time Resolved
Fluorescence High Throughput Screening) on the UCB “Diversity Set” of 20,000 small molecules. The
“Diversity Set” is a subset of the larger UCB HTS compound collection specifically selected for lead-like
molecular properties and chemical diversity. We also used an unrelated PPI that shared the same FRET
pair as the 14-3-3y/SLP76 system as a counterscreen, which allowed us to identify specific potential
stabilisers of this interaction. The hits found were further characterised performing HTRF dose-response

and dose-ratio assays and the stabilisation effect orthogonally confirmed by SPR.

5.2 Results and Discussion

5.2.1 Primary HTRF HTS Screening of 20,000 Small Molecules against the 14-3-
3y/SLP76 PPI

The performance of the initial single point screening of the 20,000 molecule UCB Diversity Deck
against the 14-3-3y /SLP76 PPI system is shown in (Figure 5.1a). The peptide R18 is a well characterised

inhibitor of 14-3-3 PPIs 6162 and was therefore chosen as the assay negative control and was also an
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important reagent used during assay validation. Unfortunately, there are no reported stabilisers of 14-3-
3/SLP76 interactions and therefore no true positive controls. Of course, the fundamental aim of this work
was to discover molecular glues of this interaction which can then be used as starting points and tool
compounds to evaluate the therapeutic potential of stabilising the complex. The cut-off for selection of
hits in the first round of screening was set at 20% stabilisation (or -20% inhibition) at a concentration of
100 uM with the reference control set at 100% inhibition and all the screening outcomes normalised
accordingly (Figure 5.1b).
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Figure 5.1 | Graphical representation of the High Throughput Screening performance. a)
Dots representation of the HTS in the plate format. Potential inhibitors are represented as grey dots,
potential stabilisers are represented as green dots. DMSO control and negative control are grouped in
plate columns 1, 2 and 23, 24 respectively. The calculated overall Z’ factor for the assay was 0.72. b) An
initial cut-off of 20% stabilisation was used to select hits to follow-up.

The cut-off expressed in number of standard deviations of the DMSO control from the mean was
4*SDpwmso (or 30*SDpwmso calculated using raw data). The cut-off chosen from the primary screen left us
with 1136 hits, roughly 5% of the initial 20, 000 molecules. Of these 1136 small molecules, 660 repeated
in a confirmatory screen with the same cut-off threshold; roughly 3% of the initial 20, 000 compounds.
These 660 hits were subsequently tested in an assay using IL17/receptor as an unrelated PPI which shared

the same FRET acceptor/donor pair as the 14-3-3y/SLP76 system (Figure 5.2a).
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Figure 5.2 | Graphical representation of the repeated 1136 hits tested on 14-3-3/SLP76 and

IL17/IL17R. a) Representation of the hits expressed as percent inhibition against 14-3-3y/SLP76 and
IL17/1L17R. Potential 14-3-3 /SLP76 stabilisers are represented as green dots. b) Selection conditions
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applied to the hits were to retain compounds that showed an effect on SLP76 > -30% and simultaneously
at least a two-fold greater stabilisation than IL17 PPI, SPLy6 > 2*IL17.

The matched FRET pair counter screen was specifically introduced to reduce the number of false
positive hits and to focus on molecules that selectively stabilised the 14-3-3y/SLP76 system. Using this
counter screen, we were able to further refine compounds of most interest to 428 hits as summarised in
Figure 5.2b. The hits selected in this way were then ranked according to their inhibition ratio (%inhibition
SLP76/%inhibition IL17), with the most selective compounds (highest ratios) prioritised for further study.
This allowed us to further focus our efforts on a shortlist of 64 compounds which demonstrated little to
no stabilisation of the counter-screen system with the results of this triage process summarised in Figure

5.3a.
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Figure 5.3 | Representation of the 64 small molecules selected on the basis of SLP76
stabilisation and IL17/IL17R counter-screen and 14-3-3y/SLP76 dose response curves for
the best 16 compounds. a) Selection of 64 small molecules represented as green dots within dotted
lines. b) Dose response curves of the best 16 out of the 64 compounds tested. Estimated EC50 values for
every compound are reported in Table 5.1.

5.2.2 HTRF Dose-response Assay on the Selected 64 Compounds

The compounds which appeared selective in the single point screening were tested as dose responses
on 14-3-3y/SLP76 (Figure 5.3b). Of the 64 tested in dose response, 30 did not show any dose-response
effect. Of the remaining 34 compounds, 16 were selected as the most promising hits to follow up based on
EC50 values (Table 5.1). All 16 compounds demonstrated a concentration dependent increase in HTRF
signal as a result of the binding of the molecules to the 14-3-3/SLP76 complex. EC50 values estimated
from the fitting curves were between 2.2 and 110 uM (Figure 5.3b). These 16 compounds were re-tested

in dose response using 10mM DSMO stock solutions freshly prepared from solid and pleasingly they were
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all confirmed as stabilisers of the 14-3-3y/SLP76 PPI system (Figure 5.4c). To test whether the
concentration-dependent effect would influence other PPI systems as well, the compounds were also
tested on IL17/IL17R as an unrelated PPI (Figure 5.4a) and on the 14-3-3(/p27 system (Figure 5.4b) as an
example of another 14-3-3 PPL. In all cases the same FRET pair was used to label the different protein

systems.
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Figure 5.4 | Comparison of the dose response assay of the 16 compounds on the systems
IL17/IL17R, 14-3-3¢/p27 and 14-3-3y/SLP76. a) dose response of the 16 compounds on IL17/IL17R.
None of the compounds showed an effect on IL17/IL17R. b) dose response of the 16 compounds on 14-3-
3¢/p27. 8 out 16 compounds showed an effect greater than 1.5 normalised response. ¢) All 16 compounds
repeated on 14-3-3y/SLP76.

None of the 16 compounds showed an effect on IL17/IL17R, as expected from the primary counter
screen assay. However, eight compounds showed a dose-response effect on the 14-3-3¢/p27 system that
exceeded the normalised response of 1.5, with 2.0 being the theoretical maximal response. This evidence
indicates that these compounds are not specifically selective for the 14-3-3y/SLP76 PPI and provides an
opportunity for further exploration. Although the key objective of this study was to find selective
stabilisers of the 14-3-3y/SLP76 interaction, the prospect of finding generic 14-3-3 PPI stabilisers would
be of general benefit to research in this area. Furthermore, if the binding site of these compounds could
be characterised it would open the possibility to rationally build in selectivity for different 14-3-3 protein-

protein interactions through structure-based drug design.

5.2.3 Orthogonal SPR Confirmation on the selected 16 Compounds

Of the 16 hit compounds 13 were tested in an orthogonal SPR assay in which each compound was
flowed with SLP76 over 14-3-3y immobilised on the chip. Runs at different concentrations of compound
were compared to the runs in absence of compound. Of the 13 compounds tested this way, 8 showed a
difference in off-rate indicative of increased binding of SLP76 to 14-3-3y and were subsequently tested at
multiple concentrations to establish a concentration-dependent effect. All 8 compounds proved to be dose
responsive leading to a concentration-dependent increase in mass on the chip. The effect of the
compounds on 14-3-3y/SLP76 was measured by calculating the percentage of SLP76 remained on the chip
after the dissociation phase and immediately before: RU (%) = RU 5 sec before dissociation / RU +240

sec after dissociation. EC50 values are reported only in the cases in which the extrapolated dose-response
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curves reached saturation. In the other cases, the RU (%) mass increase in the presence of compound was

reported.

5.2.4 Analysis of hit compounds

The structures of all 16 hits and data from all assays used to triage the compounds are summarised in
Table 5.1. Of the 16 compounds tested by HTRF in dose response, compounds 1, 2, 3, 4, 7, 8, 12 were
orthogonally confirmed by SPR and of those, compounds 1, 2, 3, 4 were selective for 14-3-3y/SLP76 over
14-3-3¢/p27. Ten of the sixteen hit compounds could be grouped into four structurally distinct
chemotypes with the remaining 6 compounds singleton hits. Compounds 1 and 2 belong to an interesting
benzo-fused tricyclic oxazolidinone system. Both compounds were selective for the 14-3-3y/SLP76
interaction with similar activities and no observed stabilisation in the 14-3-3¢/p27 HTRF assay. The
stabilising effect of these compounds was orthogonally confirmed and equipotent by SPR (Figure 5.5a).
These oxazolidinones have good lead-like properties with low MW, PSA and good AlogP (Table S 2) which
makes them excellent candidates for hit expansion. The presence of a chiral centre offers the prospect to

investigate if there is an enantiomeric preference in stabilisation.
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Table 5.1 | Summary table of the 16 compounds identified from the HTRF dose-response assay.
HTRF Ko SPR EC50 (uM) /
Molecule HTRFEC50 (\M) improvement RU (%)

14-3-3y/SLP76 14-3-3¢/p27 14-3-3y/SLP76 14-3-3y/SLP76
1 19.1+ 7.7 IA* 3.3xT 66.4 RU (%)
2 18.6 £ 5.5 IA* 4.1xt 67.6 RU (%)¢
3 14.4 £ 1.9 IA* 2.2 xT 36.1+ 6.5 uM
4 17.4 + 4.9 IA* 3.4 xt 26.8 + 12.9 uyM
5 71.1 + 23.9 IA* 4.7 xt Ns**
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6 33.5+10.7 IA* Nm# Ns**
7 5.3+1.9 IA* 4.4 xt 5.2 1.9 uM
8 69.1 + 22.6 53.9 + 17.1 3.5 xT 61.2 RU (%)
9 24.5+ 5.8 5.8+2.2 1.3 xT 58.7 RU (%)¢
10 70.1 £ 8.7 16.5 £ 10.6 1.7 xt Ns**
11 29.7 + 21.8 128.9 £ 70.5 Nm# Nm#*
12 3.8+1.2 0.43 + 0.37 5.2 xt 8.1+5.9uM
13 4.9 1.1 IA* 1.1xt Ns**
14 21.2 + 11.3 12.6 + 14.4 14.6 xT Ns**
15 17.1+ 5.2 11.6 £ 6.1 Nm#* Nm#*
16 1.2+ 0.7 80.6 £53.4 1.8 xT Nm#*

*IA: inactive <x% stabilisation observed at top concentration (250 uM); ¥Nm: not measured; T n-fold 14-
3-3y/SLP76 Kp improved in presence of increasing concentration of small molecule; **Ns: no stabilisation
observed in SPR; ¢ RU (%) of mass increase in the presence of 200 uM of compounds.

An equally interesting chemotype are the 16-membered macrocyclic compounds 3 and 4 which were
also shown to be selective for the 14-3-3y/SLP76 system as well as being orthogonally confirmed in the
SPR assay (Figure 5.5b). Although the macrocycles show very similar levels of activity in the 14-3-
3y/SLP76 HTRF assay to compounds 1 and 2, they both appear to perform better in the SPR stabilisation
assay. The macrocycles lie outside the range of conventional lead-like properties with MW of 609 and 652
respectively, highly polarity (AlogP -1.3 and -0.5) and with PSA around 150 which could impact cell
permeability. However, this should not preclude a more detailed investigation and indeed these

compounds could give valuable insight as tools for future structural studies.

The third group of hits, compounds 5 and 6, are characterised by having a quaternary positively
charged amine group. Both showed activity in the 14-3-3y/SLP76 HTRF assay although with modest
EC50s and were selective over 14-3-3¢/p27. However, neither of these two compounds were confirmed in

SPR with no observable stabilisation effect.

The fourth group of compounds: 77, 8, 9 and 10 all share a triazolothiadiazole heteroaromatic scaffold
or in the case of Compound 10 the closely related triazolothiadiazine structure. This set of compounds is
especially attractive in that they have low MW with good molecular properties in fragment space and have
significant potential for further exploration. It is also notable that these compounds form the largest
structurally related cluster of SLP76 stabilisers from the UCB Diversity Deck. Compound 7 is the stand-
out hit as a selective 14-3-3y/SLP76 stabiliser with EC50 of 5.3 uM, a fourfold increase in Kp and no
measurable modulation of the 14-3-3¢/p27 system. Compound 7 also has a strong concentration
dependence in off-rate in SPR when compared to other compounds in this group (e.g. Compound 10
demonstrates no observable stabilisation in the SPR assay). With a MW of only 203 Compound 7
demonstrates remarkable modulation of the 14-3-3y/SLP76 system and is a priority for further focussed
hit expansion. What is even more interesting is that the closely related analogues in this group are also
able to stabilise the 14-3-3¢/p27 PPI to a lesser or greater extent. This opens up the intriguing possibility
that these compounds could be generic modulators of 14-3-3 protein-protein interactions, with the
potential to tune-in selectivity for a specific protein pair. This speculation would of course require a larger
confirmatory study to expand both the chemical matter around these scaffolds and the numbers of 14-3-

3 PPIs tested. For these compounds to be general stabilisers of the 14-3-3 PPIs it is reasonable to expect
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that they are interacting with a conserved pocket on the 14-3-3 protein. Compound 8 is the closest

analogue of 7 and is a weak and equipotent stabiliser of both the 14-3-3y/SLP76 and 14-3-3(/p27 systems.

Compounds 9 and 10 in contrast show a modest level of selectivity in stabilising 14-3-3¢/p27 over 14-3-

3y/SLP76.
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Figure 5.5 | Combined set of assays example for the Compound 2 and 4. a) HTRF dose response
comparison of the three systems used. HTRF dose ratio assay on the 14-3-3y/SLP76-SH2 system. The
arrow represents the increment in potency upon increasing compound concentration. Sensorgrams
generated by SLP76-SH2 flowing over 14-3-3y in absence (as reference) and in the presence of different
concentration of compounds. The plot of the reference points taken from the sensogram used to generate
dose-response curves is reported to the right. The reference points before and after the dissociation phase
are highlighted in the sensograms (bottom left). b) The same set of assays are repeated on compound 4.
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The last group of compounds are six singleton hits Compounds 11 to 16 which, with the exception of
compound 13 are able to stabilise both the 14-3-3y/SLP76 and 14-3-3(/p27 systems. The
dihydropyrazino[1,2-a]Jbenzimidazole, compound 12, is the most potent stabiliser of 14-3-3¢/p27 tested
with an EC50 of 0.43 uM, almost 8-fold selective over 14-3-3y/SLP76 (EC50 of 3.2 uM). This hit is also
the only compound in the group of singletons that showed a measurable stabilisation of 14-3-3y/SLP76
by SPR with EC50 8.1 uM. With ability to modulate both systems and with excellent molecular properties,
Compound 12 should be followed-up in greater detail. The last compound we would highlight is
Compound 14 which is another attractive chemical starting point for further investigation. Although this
compound provides modest stabilisation EC50s for both the 14-3-3y/SLP76 and 14-3-3(/p27 systems
(EC50 21.2 uM and 16.6 uM respectively), it shows the highest improvement in SLP76 HTRF Kp at 14-
fold. However, this stabilisation was not confirmed in the SPR assay. The full set of assays per compound

is reported in the Supplementary Information (Figure S 5.2).

5.2.5 Hit expansion by focused screening of derivative libraries

Compounds 1, 2 and 3, 4 identified in the HTS campaign were among our preferred hits from the
UCB Diversity Library with activity only on the 14-3-3y/SLP76-SH2 system and selective in the counter
screens. The hits were confirmed in an orthogonal SPR assay and were attractive starting points for
further investigation. In addition, these hits belong to two different chemotypes for which a large number
of analogues were available from the wider UCB compound collection. We therefore decided to screen a
selection of these derivative compounds first in a single point TR-FRET screen followed by dose-response

for the most potent compounds.

In contrast to the original HTS campaign, we used Compound 16 as a positive control which we
selected from the best 16 hits. Compound 16 is a potent stabiliser of the SLP76/14-3-3 interaction with
good selectivity in the p27/14-3-3 counter screen. All the data were subsequently normalised fixing the
stabilisation provided by 50 uM of compound 16 as the maximum response (100% stabilisation).
Compound 16 generated the maximum response in the dose-response assay at this concentration (Figure
5.3b). The derivatives were tested at a single concentration of 20 uM, five times lower compared to the
HTS where the compounds were tested at 100 uM (Figure 5.6). Given the derivatives were chosen for their
structural similarity to the hits 1, 2, 3 and 4, using a lower starting concentration allowed us to focus only

on compounds with similar or better activity.
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Figure 5.6 | Single point screening of a derivative library. The read-out of the screening has been
displayed by representing every single compound as a coloured dot. A colour gradient from grey to green
discriminates progressively the activity of the compounds from null (grey) to active (green). The first two
columns contained the DMSO control (5% DMSO), while the last two columns contained the positive
control (compound 16, at 50 uM). The assay achieved a Z’ factor of 0.51 based on the control responses
and was considered suitable to support derivative screening. The 16 most active compounds were selected
as hits to follow up in dose-response studies which correspond to a minimum of 55% stabilisation with
reference to the positive control.

The derivative screening set was composed of 312 compounds across the two main chemotypes
(Figure 5.7). Scaffolds A, B and C are grouped in the same family sharing the 8-membered 1,5-diazocane
heterocycle. Scaffold D consists of a macrocycle with two substituents, R5 and R6 (60 compounds).
Although a proper structure-activity relationship (SAR) study is not possible solely on the basis of single

point screening, some qualitative considerations are still worth mentioning.
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Figure 5.7 | The four different scaffolds that compose the derivative library. The family
composed of scaffolds A, B and C which make up 252 members of the library whereas scaffold D has 60
analogues.

The first general observation is that the derivative library is highly enriched with stabilisers of the 14-
3-3Y/SLP76 PPI (Figure 5.8). Given that these were analogues specifically selected for hit expansion this

is not unexpected but does increase confidence in the scaffolds as a productive set for further
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investigation. Of course, if very few analogues had been active then it would have significantly lowered
confidence in these as useful series. There is a good dynamic range of stabilisation across the compounds
with a distribution of activities from weak to strong stabilisers including some inactives. This is another
hallmark of an emerging SAR and adds to the interest in these chemotypes. The activity of each compound

in the single point screen coloured by scaffold is shown in Figure 5.8.
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Figure 5.8 | Single point screening of a derivative library. The picture displays the same
screening performance that is showed above but with the read-out colour coded depending on the scaffold
A (yellow), B (red), C (purple) or D (light blue).

Scaffold A had the greatest number of analogues available and makes up over half of the derivative
library screened. This scaffold has analogues with the strongest stabilisation effect compared with positive
control and a range of activity from strong stabilisation to inactive. Scaffold A has 21 compounds with
greater than an arbitrary threshold of 30% stabilisation and 14 with more than 50%. Compound 17 from
this set is the strongest stabiliser across the entire derivative library screened. Variation of R1 (R1 = H, Me
or F) and R2 (R2 = H, OMe) is tolerated with examples of each showing some stabilisation. It is clear,
however, that R2 = H is preferred over methoxy with matched pairs consistently and significantly
favouring a hydrogen substituent in this position. Looking at matched pairs for R1, there is a strong
preference for rank order for % stabilisation F > Me > H with the best stabilisers all bearing the Fluoro
substituent and Hydrogen quite a weak effect. However, the strongest effect observed in Scaffold A was
the nature of R3. Of the compounds tested in this class 103 were simple amide or urea derivatives at this
position and none of these analogues showed any significant level of stabilisation. We therefore conclude,
for the moment, that the weakly basic sp3 amine is important for activity. Of course, obvious analogues
to make would be nitrogen atom substitutions (O, S and C) to further explore this hypothesis. Scaffolds B
and C, despite sharing the 8-membered 1,5-diazocane ring, are considerably different from the Scaffold
A. This is remarked by the fact that the Scaffold B appears only once among the highest activity
compounds with Compound 21 having a stabilisation of 61%. All other compounds in this class had an
activity of less than 37%, most having no appreciable activity at all. Analogues of Scaffold C, however,
never appear among the most active compounds with the best analogue only achieving a stabilisation of

37%. Out of the 84 analogues from Scaffolds B and C, 67 demonstrated less than 20% stabilisation and
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only a single compound showed more than 40% stabilisation. Although there is not the perfect matched
analogue to compare with Scaffolds B and C, we would conclude that the carbamate cycle of Scaffold A
has to play an important role in engaging the 14-3-3y/SLP76 system. Regarding the macrocycles of
scaffold D, is worth mentioning that only a few are present at the lower end of the activity ranking. Despite
the fact they make up only 60 compounds out of 312 in the library, 42 show an activity of 30% or more.
In fact, 40 of the 70 most active compounds are macrocycles. The higher complexity and 3-dimensionality

of the molecule might better fulfil the requirements of an ideal molecular glue.

The 16 most active compounds had an activity of between 98% and 57% (Figure 5.9), (Table 5.2, Table
5.3). We decided to test these 16 in dose-response assays. All the compounds selected for the dose-
response assays resulted in a stimulation fitting curve from which it was possible to calculate EC50 values
(Figure 5.10), (Table 5.2, Table 5.3). Even though these compounds were tested at lower concentrations
and still showed remarkable activity, the EC50s of the derivatives did not improve dramatically compared
to the original compounds identified in the HTS. The 8-membered ring scaffold compounds (17, 18, 19,
20, 21, 22) generated EC50s in the same range as compounds 1 and 2. The macrocycle compounds,
however, generated a wider EC50 range, with compounds 23, 24, 25, 28, 29 and 30 showing EC50
values below 10 uM. This is a marginal improvement of the EC50s observed for the original HTS

compounds.
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Figure 5.9 | Structures of the best 16 compounds chosen for the dose-response assay.
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Figure 5.10 | Dose-response fitting curves of the best 16 derivatives identified. The read-out
was normalised against compound 16 to give 1.0 as maximum response.

In Table 5.2, the EC50 values are reported for the Scaffold A and B derivatives along with the original
compounds identified in the HTS 1, and 2. Regarding Scaffold A, we can observe that the fluorine
substituent is the most desirable substituent to have as R1. Compounds bearing a fluorine in this position
were clearly the most preferred from the single point data although the sole methyl analogue tested in
dose response, Compound 20, has a comparable EC50. As discussed above, analogues bearing a hydrogen
substituent in R2 are consistently the highest-ranking compounds for Scaffolds A and B. As previously
discussed, Scaffold A does not tolerate an amide or urea substituent at R3. Indeed, all active compounds
for Scaffold A have relatively simple lipophilic alkyl or benzyl substituents. There does not, however, seem
to be a strong SAR with regard to the nature of these substituents; all have very similar EC50s. The best
compound in this set is Compound 177 with the highest maximal stabilisation and EC50 of 12 uM. It is
notable that Compound 17 is also the simplest analogue across all Scaffold A compounds screened and
therefore represents the most interesting analogue to focus on for future studies. It delivers high levels of
stabilisation with similar or better activity to the original hit compounds with greater atom efficiency. It
is worth mentioning that the “naked” scaffold (R1 = H; R2 = H; R3 = CH3) is also present in the derivative
library with an activity of only 11%. Therefore, the substituents listed in Table 5.2 are definitely making a
significant contribution to the observed binding. As discussed above, scaffolds B and C are scarcely
present in the higher part of the activity ranking. Regarding scaffold D, the macrocycles, there is a high
degree of tolerance for different substituents in R5 and R6 with no strong SAR arising. EC50 values are
reported in Table 5.3 along with the original compounds identified in the HTS 3, and 4. It is likely,

therefore, that the ring system as whole is making the largest contribution with less sensitivity to variation
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at these positions. The better stabilisers tend to favour lipophilic benzyl and cyclopropylmethyl
susbtituents at R5, although the imidazolyl substituent stands out as an example of a more polar group
(Compounds 26 and 31). A similarity lack of sensitivity seems to be apparent in R6 with a range of
different amide groups tolerated. We would judge the best Scaffold D analogues to be Compounds 23-25
and 28-30 all demonstrating EC50s < 10uM a modest improvement on the original hit compounds. We
would further focus on those compounds that deliver the highest level of stabilisation (Emax) with the
greatest atom efficiency. In this regard Compounds 25 and 27 are the most interesting with a small
cyclopropylmethyl group in R5 and small amide group in R6. It is interesting to mention that 3
macrocycles demonstrated apparent inhibition (negative activity) with the common factor being a small
Rj5 alkyl substituent combined with an isopropylurea or pivaloyl amide group at R6. Looking back at the
single point data it appears that it is the combination rather than individual substituents that lead to this

effect. The individual substituents combined with other groups can lead to good stabilisation.

A B
- o R4
N=
R1 y\‘% \Q
HD/\&
R2:
Nh3 Nks

Table 5.2 | EC50 values for the compounds 1, 2 and 17 to 22.

ilisati ECs50 (LM
Scaffold Molecule Stab131sit10n 50 (LM) R1 R2 R3 R4
(%) 14-3-3y/SLP76

1 Nr# 19.1£7.7 " " l/\©

2 Nr # 18.6 £ 5.5 §/F §/H 5)\
17 98 12.1+ 3.2 g/F gx” g/
A 18 80 25.4 £ 7.1 §/F §/H §A©

19 70 20.5+7.5 §~

0
20 57 15.4 + 5.8 O §/\©
21 60 11.1+ 4.3 §/F §/H §D

B 22 61 23.4+ 6.2 §/H giN/D §/H
H

* Percent stabilisation of 14-3-3y/SLP76 FRET assay at 20 uM; #Nr: not reported. These compounds were
identified in the original HTS, hence an activity number would be not comparable in this context.
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Table 5.3 | EC50 values for the compounds 3, 4 and 23 to 32.

ilisati ECs50 (uM
Scaffold ~ Molecule Stablolsitlon 50 (D) R5 R6
(%) 14-3-3y/SLP76

§ N
3 Nr# 14.4 £ 1.9 » §)\©\
N o/

4 Nr# 17.4% 4.9 O §)\©\
o/

23 78 7.1+1.8 EA@ §)\©\
o/

24 76 8.1+29 §/\©\\ §)\©\
Sy o

25 74 3.2+ 15 §/w é)J\/o\
N 0
26 73 22.1+09.3 §/)(\/> é)J\/o\

2y n 122444 v Sk
28 68 58+ 1.6 P §)‘\Oo
N S Y
30 59 8.8+3.9 §/© § T

N.
31 57 19.9 £ 2.4 §/er/ ) §)J\O
0

32 57 13.4 £ 3.1 . §)\©
o/

* Percent stabilisation of 14-3-3y/SLP76 FRET assay at 20 uM; #Nr: not reported. These compounds
were identified in the original HTS, hence an activity number would be not comparable in this context.
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5.2.6 Fluorescence polarization dose-response assay of compounds identified
in the HTS on the SLP76 and BLNK peptide systems

In the past decades, the drug discovery field has made huge steps forward in the identification of hits
and lead compounds, thanks to the improvement in library design and screening technologies 3. These
technologies, as well as structure-based drug design approaches, played fundamental roles in lead

compound optimization and in the understanding of their binding mechanism to their targets 646s.

Structural information on the interaction between proteins and their ligands can be extremely
valuable for the success of a drug discovery project. However it is not always easy to obtain. . In the 14-
3-3 field, the structural path seems to be more practicable than others, relatively speaking. However, this
is only true if when using short phosphorylated peptides to represent larger and more complex 14-3-3
clients, as it is easier to obtain crystals of those in complex with 14-3-3. In contrast, it is much more
difficult to use longer constructs, such as protein domains or actual full-length partners. Of the tens of 14-
3-3 structures deposited in the PDB, only 6 show 14-3-3 in complex with longer binding partners 67 (Figure
1.4). While 14-3-3 has a rigid structure, its binding partners often contain intrinsically disordered regions
that bring a disadvantageous entropic contribution to the crystallisation process, making the

determination of these structures extremely challenging 68.

With this in mind, we decided to test some of the molecules identified in the HTS, in a dose-response
assay on the 14-3-3y/SLP76pS376 peptide system. The testing on the peptide system, might provide new
information of the mechanism of binding and could help identify the molecules most amenable to

structural studies. In order to do so, the FP assay developed in Chapter 4 was used.

The 64 single point hits identified in the HTS were tested in dose-response on the peptide systems to
check whether a connection between the SLP76 peptide system and the SLP76-SH2 system could be
found. Compounds active on both would be ideal tests in crystallographic studies with the SLP76pS376
peptide. The 64 compounds were tested also on the 14-3-3y/BLNKpT152 for counter screening. Of the 64,
the 16 most active ones were selected, and the assay was repeated (Figure 5.11). The stimulation curves
for the fluorescence polarization derived from the 14-3-3y/SLP76pS376 system were superimposed on
the ones generated from the 14-3-3y/BLNKpT152 system to compare compound activity (Figure 5.11). For
compounds 5, 6, 33, 34, 35, 36, 37 the difference between the two systems appeared clear. The
consistency of the control (see Chapter 4 for Z’ factors) and the evidences provided by the BLNKpT152
counterscreen, suggest that they are having a genuine effect. From compound 39 to 46, instead, the
difference between the two titration curves is less obvious. For comparison, the dose-response curves
derived from the HTRF assay on 14-3-3y/SLP76-SH2 were also reported below to the FP assay curves
(Figure 5.11).
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Figure 5.11 | FP and HTRF dose-response assays on a selection of the most active
compounds for the 14-3-3y/SLP76pS376 system. For each compound identified with a number,
the graph on the top shows the dose-response for the FP assay while the graph on the bottom shows the
dose-response for the HTRF assay. All the read-outs were normalised using the R18 peptide as reference

(o).

The structures of the compounds are reported in Figure 5.12. It is interesting to notice how
compounds 5, 6, 33, 37 and 42 share the feature of a positively charged quaternary amine. EC50 values
are reported in Table 5.4 for both FP and HTRF dose-response for compounds 5 and 6. The EC50 values

calculated by the two different techniques appear to be comparable.
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Figure 5.12 | Chemical structures of the 16 compounds selected from the FP assay
performed on the 14-3-3y/SLP76pS376 peptide system.
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Table 5.4 | EC50’s values for the compounds 5, 6 and 33 to 46.

FP EC50 (uM) HTRF EC50 (uM)
Molecule
14-3-3y/SLP76pS376 14-3-3y/BLNKpT152 14-3-3y/SLP76
5 51.6 £ 9.6 Nd* 75.5 + 14.9
6 78.8 £ 4.1 Nd* 60.8 +19.8

*Nd: not determined

Compounds 1, 2, 3 and 4 (Table 5.1) proved to be among the most interesting compounds active on
the 14-3-3y/SLP76-SH2 system. The screening of a library of derivatives of the two scaffolds opened new
paths for future work on these molecules. Being among the 64 compounds tested on the 14-3-
3Y/SLP76pS376 system it was logical to give them special consideration when analysing the data of the
FP dose-response assay. The four compounds generated a flat response in the assay (Figure 5.13a).
Therefore, perhaps these four compounds engage a binding pocket formed by the contact of 14-3-3y and
SLP76-SH2 which is no longer present in the 14-3-3y/SLP76pS376 system. An interaction between 14-3-
3 and a phosphorylated peptide provides considerably less exposed contact surface compared to an
interaction formed by 14-3-3 and a second larger protein construct, diminishing the locations in which a

compound could to stabilise the complex.

Finally, the 14-3-3y/SLP76pS376 and the 14-3-3y/BLNKpTi152 systems were tested against
Fusicoccin-A (FC-A). FC-A, a natural fungal toxin, has often been used as a reference and as a tool
compound for the stabilisation of 14-3-3 PPIs 424869, The titration of FC-A on the 14-3-3y/SLP76pS376
and the 14-3-3y/BLNKpT152 systems showed to inhibit rather than enhance the interaction, suggesting
that the FC-A molecule could displace the peptides from their binding pockets at higher concentrations
(Figure 5.13b). Given the availability of structural information generated in this thesis and scientific
literature, we tried to rationalize the observation by superposing the 14-3-30/SLP76-S376 7, the 14-3-
30/BLNKpT152 7t and the 14-3-30/p53/FC-A crystal structures ¢ (Figure 5.13¢). The 14-3-30/p53/FC-A
crystal structure is a ternary complex formed by a p53 derived synthetic peptide and the molecule FC-A
69, From the superposition it is possible to see how FC-A generates a clash with SLP76pS376 tyrosine (in
blue) and how one of FC-A hydroxyl group points directly towards a BLNKpT152 proline (in yellow),
making them unlikely to co-exist simultaneously inside the 14-3-3 binding groove (Figure 5.13c). The
insights from this structural analysis can explain why FC-A does not behave as a binder of the binary 14-

3-3y/SLP76pS376 and 14-3-3y/BLNKpT152 complexes.

111



- Chapter 5 -

a) b)
2.0
1.0 ——
1.5
o o
£ £ '
z - Z 05 ]
1.0 1 i
0.5 T T T | 0.0 T T T 1
10+ 10 104 10 10€ 10 10# 103
cpd [M] FC-A [M]
—— cpd1,2,3and 4 —8— 14-3-3y/SLP76pS376

—8— 14-3-3y/BLNKpT152

Figure 5.13 | FP dose-response assay of compounds 1, 2, 3, 4 and FC-A, and superposition
analysis of SLP76pS376, BLNKpT152 and FC-A crystal structures. a) Titration of compounds 1,
2, 3 and 4 on the 14-3-3y/SLP76pS376 system. b) Titration of FC-A on the 14-3-3y/SLP76pS376 and 14-
3-3y/BLNKpT152 systems. ¢) Superposition of the 14-3-30 (white surface) crystal structures in complex
with SLP76pS376 (6ZCJ, blue sticks), BLNKpT152 (6YLU, yellow sticks) and p53 (peptide not shown)
stabilised by FC-A (5MXO, grey sticks).

5.2.7 Crystallographic attempts to generate a ternary complex of the 14-3-
3/SLP76 PPI

Several crystallographic experiments were implemented in order to try to generate a crystal structure
of a ternary complex composed of 14-3-30, the SLP76pS376 peptide and one of the compounds identified
as active towards the 14-3-3/SLP76 PPI. The soaking technique was used. Ideally, the best 14-3-3 isoform
to conduct the study would be the same isoform used in the assay, which is 14-3-3y. Crystallisation
attempts of this isoform with the SLP76pS376 peptide were made and generated crystals in a few different
conditions. However, these crystals never provided a high enough resolution and/or were not robust

enough to tolerate DMSO required for the soaking process.

In place of 14-3-3y we decided to move to the more robust 14-3-30/SLP76pS376 system. Although we
are considering two different isoforms, the 14-3-3 binding groove is conserved among all the isoforms.
The choice of using a different isoform that best suits crystallographic purposes is therefore reasonable.
A grid screen of 14-3-30 crystallization conditions was already known but a test on small volumes was
performed nonetheless to identify the best PEG400 concentration and pH range to allow the scaling up
of the crystallisation drops: PEG400 28%, pH 6.9. A high number of crystallization drops containing 14-
3-30/SLP76pS376 crystals were generated in 2 and 4 uL drops (Figure 5.14).
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Figure 5.14 | 14-3-30/SLPpS376 crystals exploited in the soaking process of small
molecules.

Compounds 1, 2, 3, 4, 5, 6,7, 8,9, 10, 12,13, 16, 33, 34, 35, 36, 37, 42 were soaked into the 14-3-
30/SLP76pS376 crystals in concentrations that varied from 10 mM to 50 mM and 10% final DMSO.
Unfortunately, despite the high resolution of the generated structures (1.4 to 1.8 A), no extra electron
density was ever detected. To date, there is still no structural evidence of the compounds identified in the
assays bound to a 14-3-3/SLP76 complex available. More crystallisation trials are planned, and co-

crystallisation will also be considered instead of soaking.

5.2.8 Complex formation for the crystallisation attempts of longer 14-3-3
binding partners

In parallel to the SLP76pS376 peptide work, crystallisation trials have been attempted on the longer 14-
3-3 binding partners: pSLP76-SH2 and pBLNK-SH2. Crystal structures of these complexes would be quite
exceptional in the 14-3-3 field. When it comes to crystallisation trials, every additional parameter
exponentially increases the possible sets of combinations for the crystallisation plates 72. Among the main
parameters that one has to consider when designing a crystallisation experiment are: the chosen number
of sparse matrix screens, the incubation temperature (usually 4 °C or 18 °C ), the sample/crystallisation
cocktail ratio and the method used to reach supersaturation 73. Even with one single protein complex to
crystallise, the combination of these four parameters could lead to hundred if not thousands of different
conditions. Since there are seven 14-3-3 isoforms, identifying hit conditions can be very laborious. The
sample preparation and the choice of which 14-3-3 partner construct to use is also critical for the success
of the experiment. As mentioned above, most 14-3-3 clients contain intrinsically disordered regions, and
the scouting for the identification of the best “crystallizable” protein construct is another parameter to

take into consideration.

With all this considered the choice of parameters for the crystallisation experiments of 14-3-3 in
complex with pSLP76-SH2 and pBLNK-SH2 were somewhat arbitrary. The protein chosen for the
experiments were: 14-3-3y, 14-3-3o0clu3, pSLP76-SH2 and pBLNK-SH2. 14-3-3oclu3 is a mutated
construct of 14-3-30 (E75A, E76A, K77A). The construct, described by Sluchanko et al. 74, helped in the
resolution of the crystal structure of full-length HSPB6 with 14-3-30 (PDB ID: 5LTW). These mutations

were made following a SER (surface entropy reduction) approach 75. A second construct ,14-3-30clui,
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carrying mutations K159A, K160A, E161A was also purified, but not used in crystallisation trials so far.
The protein complexes were prepared by mixing 14-3-3y, and 14-3-30clug proteins with BLNK-SH2 or
SLP76-SH2 in a 1:1 ratio. The complexes were then loaded onto a size-exclusion column for an additional
polishing step. The chromatograms for 14-3-3y/pSLP76-SH2, 14-3-30clu3/pSLP76-SH2 and 14-3-
3y/pBLNK-SH2 are shown in Figure 5.15. SDS-PAGE gels were performed to check the content of the
collected fractions. For the 14-3-3y/pSLP76-SH2 and 14-3-3o0clu3/pSLP76-SH2 complexes, a smaller
peak at higher elution volumes reveals the presence of SLP76-SH2 which has been eluted as a single
protein. This suggests that either pSLP76-SH2 completely saturated the 14-3-3 binding sites, or a small
portion of pSLP76-SH2 was not successfully phosphorylated during the reagent preparation process and
consequently did not bind to 14-3-3. In either case, the size-exclusion purification step contributed to

making the sample more homogeneous, a desirable feature in crystallisation trials.
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Figure 5.15 | Size exclusion profiles of 14-3-3 in complex with binding partners and SDS-
PAGE analysis of the collected fractions. a) Size-exclusion profile of the 14-3-3y/SLP76-SH2
complex. the SDS-PAGE confirms the complex formation, showing two distinct bands corresponding to
the two different proteins under the main peak (orange bar). A smaller peak at higher elution volumes
shows SLP76-SH2 eluted alone. b) Size-exclusion profile and SDS-PAGE analysis of the 14-3-

3oclug/SLP76-SH2 complex. ¢) Size-exclusion profile and SDS-PAGE analysis of the 14-3-3y/BLNK-SH2
complex.

The protein complex samples were then dispensed over 24 sparse matrix screens (Table 5.5) and
stored at 18 °C.
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Table 5.5 | Sparse matrix screens used in the crystallography campaign.

Sparse matrix screens

Classic* AmSO4* JCSG Core I* MbClass*
Classic Lite* PACT* JCSG Core IT* MbClass IT*
pH Clear* Lite* JCSG Core IIT* LMB#
pH Clear II* PEGs* JCSG Core IV* Morpheus+
ComPAS* PEGs IT* JSCG +* WizardCryo#
MPDs* ProteinComplex* BCS* BCS#

*: Qiagen; #: Molecular Dimension

Despite the observation that a few drops contained potential starting points for crystal optimisation,
none of the complexes described above lead to a crystal structure. Optimisation has been attempted on
the 14-3-30clu3/pSLP76-SH2 complex, but these attempts never led to crystals of the required quality
and/or size for harvesting and data collection. Obtaining high resolution structures remains a key goal of

this research, however we were not able to achieve this goal within the course of this work.

5.3 Conclusions

In this study we have developed and performed a high-throughput screen of a chemically diverse
20,000 small molecule library to discover molecular glues of the 14-3-3y/SLP76 protein-protein
interaction. The use of counter screens with a related 14-3-3/p27 system and an unrelated PPI with
matched fluorophores allowed us to reduce false positives and identify specific modulators of both 14-3-
3 protein-protein interactions. The outcome was that we were able to find 16 novel stabilisers of the 14-3-
3y/ SLP76 complex across a range of different chemotypes with good lead-like properties to support future
research. Of these 16 hits, six compounds (Compounds 1 - 5 and Compound 7) achieved our principal
objective of selective stabilisation of 14-3-3y/SLP76 with orthogonal confirmation in SPR and are a
priority for further exploration. Of equal interest were a group of compounds that modulated both the 14-
3-3 systems tested and offer the intriguing possibility that these molecules may be of general utility in the
field of 14-3-3 research. These preliminary results already hint that selectivity may be achievable in this
group of compounds with Compound 12 one of the most interesting compounds for further investigation

which stabilised the 14-3-3/p27 system with an EC50 of 430 nM.

To the best of our knowledge this is the first report in the field of 14-3-3 PPIs to use a phosphorylated
protein construct in an HTS HTRF format. In our opinion, such protein constructs have greater relevance
than the short synthetic phosphopeptides that have been extensively used to represent the client protein
in the 14-3-3 field to date. Although these phosphopeptides remain valuable tools to enable rapid early
investigation of new 14-3-3 PPIs, they have inherent limitations as screening systems to find modulators

of these interactions. By contrast working with full-length/truncated versions of phosphorylated 14-3-3
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binding partners substantially extends the opportunity to discover druggable binding sites beyond the 14-
3-3 amphipathic binding pocket. In this regard we believe that the results in this study support wider use
as an approach to find molecular glues of 14-3-3 protein-protein interactions. Of course, the novel 14-3-3
stabilisers we report in this paper remain early hits and should still be treated cautiously. There is a need
to continue to characterise these compounds to understand where they bind and how they stabilise the
14-3-3 ternary complex. Our priority will be to use X-ray crystallography and NMR to locate and
rationalise the binding of the small molecules identified here. This will open the path for future
optimisation of these molecules to tune and increase their stabilisation effect and ultimately demonstrate

a therapeutically useful function.

Additionally, we screened a library of 312 derivatives of two chemotypes identified in the HTS
campaign. The compounds were tested first in a single point TR-FRET and the best 16 compounds were
tested in a dose-response assay. All 16 compounds were shown to be good stabilisers of the 14-3-3y/SLP76
PPI and were able to produce complete dose-response curves from which EC50 values could be derived.
Screening of analogues from the wider UCB library has therefore expanded the number of hits for further
study and increased confidence in Scaffolds A and D for further exploration. The optimisation of
stabilisers is inherently more challenging than classic orthosteric inhibitors. In orthosteric PPI inhibition
for instance, the modification of a substituent might determine in a clearer way whether the compound
binds or not. The pocket is usually more defined and the interaction simpler, making the optimisation of
binding intrinsically easier. With stabilisation on the other hand, the small molecule has to act as a
molecular glue. Therefore, the SAR cannot be expected to be simple linear combinations of different
groups but will probably be more complex given that we trying to optimise the interacting surfaces of two
binding partners than a single protein. Changes made during optimisation of the molecules are as likely
to disrupt rather improve the stability of the complex. In addition, the Ec50 alone cannot be considered
the only activity parameter to focus on but must be done in tandem with the degree to which each

compound can stabilise the protein system (e.g. Kp improvement as judged by dose ratio experiments).

Nonetheless, the molecules identified have proved to be promising hits and valuable tools to develop
better PPI stabilisers. This now requires a major synthetic effort to further define the SAR around these
scaffolds, preferably combined with structural information to optimise these compounds. The deliberate
deletion or addition of specific substituents and the consequent comparison with the simplest or
minimally active molecule in biophysical assays would certainly give insight in the structure-activity

relationship.

In the attempt of obtaining structural data on some of the hits, a fluorescence polarization assay was
performed using the 14-3-3y/SLP76pS376 peptide system and the active molecule soaked into 14-3-
30/SLP76pS376 crystals. So far, structural data on the hits identified in this work are still elusive.
Attempts in generating a complex of 14-3-3 with a longer binding partner (pSLP76-SH2 and pBLNK-SH2)
has been performed as well. However, the generation of such protein complex crystal structures in the 14-
3-3 field remains a challenge. More experiments will be set up in the future and different strategies will
be applied. Among these, the 4°C temperature and different sample to crystallisation cocktail ratio will be

tried. Co-crystallisation experiments with potential stabilisers could be tried as well. If the compounds
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can significantly stabilise the 14-3-3 complex, it is conceivable that this could help crystallisation.
Although speculative and very sample consuming this experiment could be implemented in stages

focussing on a small number of the best stabilisers from each chemotype discovered in this work.
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5.4 Material and Methods

Protein Expression and Purification

14-3-3y and SLP76 were expressed respectively with a (His)s and (His)s-SUMO tag in Nico21(DE3)
competent cells, in 2TY media. The purification was carried out by affinity chromatography on Nickel
columns (HisTrap HP, 5 mL). The tags were cleaved with TEV or SUMO protease. The proteins were then
loaded again on Nickel columns to remove any uncleaved protein. A final purification step was performed
loading the proteins on a size-exclusion chromatography column (HiLoad 26/600 Superdex 75 pg). All
purification steps were performed on an AKTA pure protein purification system (Cytiva). SLP76 was
phosphorylated in vitro by incubating overnight at room temperature in its storage buffer supplemented
by 0.75 mM ATP, 20 mM MgCl. and HPK1 kinase (Thermo Fisher Scientific) with a kinase:protein ratio
of 1:3000. Phosphorylation status was checked by LC-MS. The expression, purification and
phosphorylation of the SLP76 construct (SLP76-SH2) has been described before. 7.

Protein labelling

14-3-3y was labelled with Tb cryptate: LanthaScreen™ Amine Reactive Tb Chelate, (PV3582,
ThermoFisher). SLP76 was labelled with AF647: Alexa Fluor™ 647 carboxylic acid, succinimidyl ester,
A37573 ThermoFisher). Before labelling, the protein buffers were exchanged to sodium carbonate buffer
at pH 9.0 to allow deprotonation of amine groups. The proteins were subsequently diluted down to 50 uM
with sodium carbonate buffer, and a 7-fold and 5-fold excess of Tb cryptate and AF647 were added to 14-
3-3y and SLP76 respectively. The mixtures were left in the dark for 1h at room temperature. After
labelling, the buffers were ultimately exchanged to assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM
MgCl., 0.05% v/v Tween-20). All the buffer exchange steps were performed with Zeba™ Spin Desalting
Columns, 7K MWCO, 0.5 mL (ThermoFisher) and P-10 Desalting Columns (Cytiva) for higher volumes.

Homogeneous Time-Resolved Fluorescence Assay Development and High
Throughput Screening

384-well Greiner plates (Ref. 784201) were prefilled with 2 pL of compounds at 2 mM, 100% DMSO,
except for columns 1,2, 23 and 24. Columns 1,2 were filled with 2 uL. of DMSO while columns 23, 24 were
filled with 2 uL of the 14-3-3 inhibitor R18 at 20 uM using a Multidrop Dispenser (ThermoScientific).
Next, 40 uL of protein mixture containing Th-labelled 14-3-3y at 1 nM and AF647 labelled SLP76 at 600
nM in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-20) were added
using a Multidrop Dispenser (ThermoScientific). Hence, the final assay concentrations were 14-3-3y-Tb
at 1 nM, SLP76-AF647 at 600 nM, compounds at 100 uM, R18 at 1 uM, and DMSO at 5% v/v. To perform
the assay, 30 uL volumes were then transferred using a Biomek FX? Automated Workstation (Beckman
Coulter) into Corning 384-well 3574 assay plates. The plates were incubated at room temperature with
gentle shaking for 4 h. Finally, the data were collected on a PHERAstar FSX plate reader (BMG Labtech)
with an Ae 337 nm, Aem 665 nm and 620 nm HTRF filter setting. The data were exported in IDBS
ActivityBase (IDBS) where they were normalised setting the R18 negative control as 100% inhibition and
the DMSO control as 0%. Negative percentage values were therefore associated with a stabilisation of the
14-3-3Y/SLP76 interaction. The threshold of -20% inhibition (or 20% stabilisation) was chosen to select
the hits to follow up. The selected hits were retested on 14-3-3y/SLP76 and were also tested against an
unrelated protein pair (IL-17/receptor) in a similar assay setup. Only the ones that had an effect on 14-3-
3y/SLp76 and not on the IL-17/IL17 receptor system were selected. All the assays were performed as
described above.

For the single point derivatives library screening the compounds came in 384-well Greiner plates (Ref.
784201) filled with 10 pL at 10 mM. A dilution was performed with a Multidrop Dispenser
(ThermoScientific) to 400 uM adding DMSO to the same plate. Columns 1, 2, 23 and 24 were empty upon
delivery and were filled separately with DMSO (1 and 2) and compound 16 1 mM (23 and 24) identified
in the original HTS with a Multidrop Dispenser (ThermoScientific). 40 uL of protein mixture, 14-3-3y-Tb
1 nM and SLP76-AF647 600 nM in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5mM MgCl., 0.05%
v/v Tween-20) were added with a Multidrop Dispenser (ThermoScientific) into a Corning 384-well 3574
assay plate. 2 uL of compounds, DMSO and positive control were transferred from the logistic plate to the
Corning 384-well assay plate with a CyBio FeliX liquid handler (Analytic Jena), to give final compound
concentrations of 20 uM for the derivatives and 50 uM for the positive control. The plate was incubated
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with gentle shaking for 4 h at room temperature. The data were collected on a PHERAstar FSX plate
reader (BMG Labtech) with an Aex 337 nm, Aem 665 nm and 620 nm HTRF filter setting. The data were
exported in Excel where they were normalised, setting compound 16 as 100% stabilisation and the DMSO
control as 0%.

Homogeneous Time-Resolved Fluorescence dose-response and dose-ratio

384-well Greiner plates (Ref. 784201) were prefilled with 40 pL of compounds at 10 mM, 100% DMSO in
column 3. Columns 1,2 and 4 to 22 were filled with 20 pL of 100 % DMSO with a Multidrop Dispenser
(ThermoScientific). 2-fold dilutions of the compounds were carried over from column 3 to 22, with a
CyBio FeliX liquid handler (analytikjena). 2 uL of R18 peptide at 20 uM was added to columns 23 and 24
of the Corning 384-well 3574 final assay plates with a Multidrop Dispenser (ThermoScientific). 40 pL of
protein mixture, containing Tb labelled 14-3-3y at 1 nM and AF647 labelled SLP76 at 600 nM in assay
buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-20) were added with a
Multidrop Dispenser (ThermoScientific) into the Corning 384-well 3574 final assay plates. 2 pL of
compounds along with the DMSO control were then transferred with a CyBio FeliX liquid handler
(analytikjena) from the 384-well Greiner plates (Ref. 784201) to the final Corning 384-well 3574 assay
plates. This resulted in final assay concentrations of: Tb labelled 14-3-3y at 1 nM, AF647 labelled SLP76
at 600 nM, compound concentrations between 500 and 50 uM following a 2-fold dilution, and R18
peptide at 1 uM in 5% DMSO. The dose-response on the first 64 compounds was performed in singlet
from a 500 uM top concentration. The repetition on the best 16 compounds was performed in duplicates
from a 250 uM top concentration. A dose-response assay on an unrelated 14-3-3¢/p27 HTRF protein pair
was performed as described above. Incubation, data acquisition and normalisation were performed as
described above. For EC50 estimation, the data were fitted with a “log(agonist) vs. response (three
parameters)” model on GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La Jolla
California USA, www.graphpad.com. In the case of duplicates, each data point is the average of a duplicate
measurement, standard deviation is reported as error bars.

Dose-ratio assays were carried out on Corning 384-well 3575 plates, serially diluting (2-fold) SLP76-
AF647 in the presence of 14-3-3y-Tb 1 nM from a top concentration of 3 uM. Each protein titration was
performed in the presence of a fixed concentration of compound. A set of 8 titration curves per compound
(160, 80, 40, 20, 10, 5, 2.5, 0 uM) were performed. Proteins and R18 peptide were diluted from their stock
concentration in assay buffer (50 mM Tris pH 7.5, 150 mM NacCl, 5mM MgCl., 0.05% v/v Tween-20).
Incubation and data acquisition were performed as described above. One titration series of SLP76-AF647
on 14-3-3y was performed in the constant presence of R18 10 uM that completely inhibits the interaction.
For data analysis the background FRET signal generated by the titration in the presence of R18 10 uM was
removed from all values. Kp values for each curve were estimated and comparison with the different
concentration of compounds were made. The data were fitted with a “One site — specific” model on
GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com. Each data point is the average of a duplicate measurement, standard deviation is
reported as error bars.

Surface Plasmon Resonance

SPR experiments were performed on a Biacore T200 (Cytiva). The Sensor Chip NTA was validated as
previously reported by Soini et al. 7. A DMSO tolerance at 2% and 5% was performed in the same way
(Figure S 5.1). For compounds testing, the compounds were pre-incubated with SLP76, in final DMSO
concentration of 5%. The compounds were tested at a single concentration of 100 uM and at multiple
concentrations following a 3-fold dilution from a top concentration of 100 uM with SLP76 at the
saturation concentration of 250 nM. A second set of experiments were performed at multiple
concentrations of compound following a 3-fold dilution from a top concentration of 200 uM with SLP76
around the Kp concentration of 40 nM. The SLP76/compound mixtures were flowed over the immobilised
14-3-3Yy at 30 puL/min for 180 s before allowing dissociation for 5 minutes. After every cycle, the chip was
washed with EDTA and Ni2* and 14-3-3y re-injected for the next cycle. The compound effects were
measured by calculating the percentage of SLP76 remained on the chip after the dissociation phase and
right before: RU (%) = RU s sec before dissociation / RU 240 sec after dissociation. RU response points relative to +240 sec
after dissociation were also plotted and EC50 values were extrapolated when possible. The data were fitted
with a “One site — specific” model on GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La
Jolla California USA, www.graphpad.com.
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Fluorescence Polarization dose-response assay

384-well Greiner plates (Ref. 784201) were prefilled with 40 pL of compounds at 10 mM, 100% DMSO in
column 3. Columns 1,2 and 4 to 22 were filled with 20 pL of 100 % DMSO with a Multidrop Dispenser
(ThermoScientific). 2-fold dilutions of the compounds were carried over from column 3 to 22, with a
CyBio FeliX liquid handler (analytikjena). 2 uL of R18 peptide at 200 uM was added to columns 23 and
24 of the Corning 384-well 3575 final assay plates with a Multidrop Dispenser (ThermoScientific). 40 pL
of protein mixtures, containing 14-3-3y at 600 nM and SLP76pS376 FITC labelled peptide at 10 nM in
assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-20) or 14-3-3y at 2 pM
and BLNKpT152 FITC labelled peptide at 10 nM in assay buffer were added with a Multidrop Dispenser
(ThermoScientific) into the Corning 384-well 3575 final assay plates. 2 uL. of compounds along with the
DMSO control were then transferred with a CyBio FeliX liquid handler (analytikjena) from the 384-well
Greiner plates (Ref. 784201) to the final Corning 384-well 3575 assay plates. This resulted in final assay
concentrations of: 14-3-3y at 600 nM, SLP76pS376 FITC labelled peptide at 10 nM or 14-3-3y at 2 uM,
BLNKpT152 FITC labelled peptide at 10 nM, compound concentrations between 500 and 50 uM following
a 2-fold dilution, and R18 peptide at 10 pM in 5% DMSO. The data were collected on a PHERAstar FSX
plate reader (BMG Labtech) with a Aex 485 nm, Aem 520 nm FP filter setting. Data normalization was
performed as described above. For EC50 estimation, the data were fitted with a “log(agonist) vs. response
(three parameters)” model on GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La Jolla
California USA, www.graphpad.com. In the case of duplicates, each data point is the average of a duplicate
measurement, and standard deviation is reported as error bars.

Crystallography

14-3-30/SLP76pS376 crystals were generated as described in Chapter 3. Compounds 1, 2, 3, 4, 5, 6,7, 8,
9, 10, 12, 13, 16, 33, 34, 35, 36, 37, 42 were soaked at a final DMSO concentration of 10% and final
compound concentrations between 50 mM and 10 mM.. The final concentrations were obtained adding
0.4 pL of compound to 4 pL crystallization drops. The crystallization plates were stored back at 4 °C. The
crystals were frozen at two different time points: 48 h and 7 days after the soaking process started. Data
collection and structure solving was performed as described in Chapter 3.

Generation of protein complexes for crystallographic trials was performed by mixing SLP76-SH2 or
BLNK-SH2 with 14-3-3y AC and 14-3-30clu3, at a 1:1.2 molar ratio respectively. Three complexes were
generated this way: 14-3-3y AC/SLP76-SH2, 14-3-30clu3/SLP76-SH2 and 14-3-3y AC/BLNK-SH2. The
complexes were left for an incubation time of 1 h in ice and consequently loaded onto a HiLoad 26/600
200pg size-exclusion column (Cytiva). SDS-PAGEs were performed on the collected fractions to confirm
complex formation. The crystallization drops were dispensed by a mosquito robot (SPT Labtech) in 1:1
protein complex to crystallization condition ratio (0.4 puL + 0.4 pL) using 24 commercially available
screens. The crystallization plates were stored in a Rock Imager (Formulatrix) at 18 °C.
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5.5 Supporting Information
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Figure S 5.1 | SPR binding assay of SLP76-SH2 to 14-3-3y at different DMSO concentrations.
a) Sensorgram and respective binding curve extrapolated from reference points at equilibrium of SLP76-
SH2 flowing over 14-3-3y in the presence of 2% DMSO. b) Sensorgram and respective binding curve
extrapolated from reference points at equilibrium of SLP76-SH2 flowing over 14-3-3y in the presence of
5% DMSO. The Kp values has been extrapolated from the fitting model (One site - Specific binding model’
on GraphPad Prism version 8.1.1 for Windows; GraphPad Software, www.graphpad.com.) and showed to
be comparable the one to the other confirming a DMSO tolerance of the 14-3-3y/SLP76-SH2 system in
an SPR context. A Kp value calculated by Soini et al. in absence of DMSO (43 nM) is also comparable and
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along the previous results validate the chip surface for further studies 7°.
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dose-ratio assay with EC50 fold increase. ¢) Sensorgrams at different compound concentrations. d) Plot
and fitting curve derived from the sensorgram reference points showed in c).
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Table S 2 | Compounds molecular properties.

Cpd.

MW

TPSA CAS

. .
D (Da) AlogP (A)%  Number IUPAC Name Supplier
) _ (6S)-9-benzyl-4-oxa-2,9- AnalytiCon
1 308.4 3.18 32.8 79(7527 diazatricyclo[9.4.0.02,6]pentad Discovery,
9 eca-1(11),12,14-trien-3-one GmbH
(6S)-14-fluoro-9-propan-2-yl- AnalytiCon
1796930  4-0xa-2,9- .

2 278.3 2.53 328 -73-8 diazatricyclo[9.4.0.02,6]pentad chs;(I:I(l)g(;Iry,
eca-1(15),11,13-trien-3-one
(35,6S,10S,11R,12S,13R,17R)-
11,12-dihydroxy-15-(4- .

’ . AnalytiC

3 600.7 -1.32 154.2 n/a methoxybenzoyl)-4-(pyridin-3- Di:c}(;txier(;fn

: . : ylmethyl)-18,22-dioxa-1,4,7,15- GmbH ’
tetrazatetracyclo[15.3.1.13,6.110
,13]tricosane-2,8-dione
(35,6S,10S,11R,12S,13R,17R)-4-
(1,3-benzodioxol-5-ylmethyl)-
11,12-dihydroxy-15-(4- AnalytiCon

4 652.7 -0.41 159.5 n/a methoxybenzoyl)-18,22-dioxa- Discovery,
1,4,7,15- GmbH
tetrazatetracyclo[15.3.1.13,6.110
,13]tricosane-2,8-dione

_ 1-methyl-1-[(8-methyl-3- .

5 250.4 1.42 9.2 732)895_725 oxabicyclo[3.3.1]Jnon-7-en-2- glgfn:)l:;(iiogs
yl)methyl]piperidin-1-ium P
2-[(4a8,10aR)-6-methoxy- -
2,3,4,10a-tetrahydro-1H- Chemieliva

692728~ Pharmaceutic

6 400.5 3.32 35.5 26-0 phenanthren-4a-yl]ethyl- al Product
dimethyl-[2-[(2-methylpropan- List
2-yl)oxy]-2-oxoethyl]azanium

_ 3-pyridin-4-yl- hemBri

7 203.2 0.30 84.2 13(%3_ ‘(‘)7 [1,2,4]triazolo[3,4- gofn:)r;?ogs
bl[1,3,4]thiadiazole P
3-(benzimidazol-1-ylmethyl)-6-

791806-  [(4-fluorophenoxy)methyl]-

8 380.4 2.99 98.3 06-9 [1,2,4]triazolo[3,4- Specs
b][1,3,4]thiadiazole
3-(2-methoxyphenyl)-

9 232.3 1.44 80.5 1‘%2?02 [1,2,4]triazolo[3,4- Specs

49 b][1,3,4]thiadiazole
802600~ 6-methyl-3-(2-methylfuran-3-
10 234.3 1.29 81.5 92 6-?3 y1)-7H-[1,2,4]triazolo[3,4- Specs

b][1,3,4]thiadiazine
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4-[2-[7-imino-2-(5-
methylfuran-2-yl)-5,6-

11 333.4 3.76 82.1 n/a dihydropyrrolo[3,4-blpyridin- Chempartner
5-yl]ethyl]phenol
N-(2-methylpropyl)-1-oxo-2-
propan-2-yl-3,4-
12 328.4 2.32 67.2 n/a dihydropyrazino[1,2- ChemDiv
a]benzimidazole-8-
carboxamide
136715-  5-(benzotriazol-1-ylmethyl)- Maybridge,
13 2332 1.69 108.4 68-9 1,3,4-oxadiazole-2-thiol Ltd.
N-(3,4-dichlorophenyl)-2-[3-
332043-  (trifluoromethyl)-4,5,6,7-
14 392.2 5:20 469 31-4 tetrahydroindazol-1- Specs
yllacetamide
3-methyl-7-[(3-
303973- methylphenyl)methyl]-8-(2- ENAMINE
15 358.4 243 109.6 50-4 oxopropylsulfanyl)purine-2,6- Ltd.
dione
(4-chlorophenyl)-[3-[(5-
16 447.9 4.65 120.4 14;;3_;28- naphthalen-1-yltetrazol-2- Specs

ylmethyl]-5-sulfanylidene-1H-
1,2,4-triazol-4-ylJmethanone

* AlogP, calculated in Pipeline Pilot (Dassault Systemes) v 19; # Topological Polar Surface Area, calculated
in Piepline Pilot (Dassault Systemes) v 19.
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Chapter 6

Structural and Biophysical characterization of the
GADS/14-3-3 PPI

Abstract

The GRB-2 related adaptor protein 2, GADS, is one of the adaptor proteins that regulates the
signalling pathways downstream of TCR. GADS is being recruited on the Linker for activation of T cells,
LAT, where it is responsible to bridge the interaction with another crucial TCR signalling molecule, SLP76.
Several studies report a model in which the adaptor protein 14-3-3 is responsible for the uncoupling of
the GADS/SLP76 complex anchored on LAT. The uncoupling occurs upon HPK1 phosphorylation on
SLP76 Ser376 and GADS Thr262, two sites that 14-3-3 uses to dock onto. It has been suggested this
complex could be targeted for degradation therefore causing attenuation of TCR signalling. This work
focuses on the characterization of the reported 14-3-3 interaction site on GADS, pThr262. A novel crystal
structure of a binary complex of a 12-mer GADSpT262 peptide in complex with 14-3-30 is presented,
supported by biophysical binding data. Additionally, few GADS and SLP76 constructs have been tested
for solubility in prevision of future structural studies on the 14-3-3/GADS/SLP76 PPI.
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6.1 Introduction

The GRB2-related adaptor protein 2 (Uniprot ID 075791), more briefly known as GADS, is an adaptor
protein that was first identified as an Shc proteins binder via tyrosine phosphorylated residues . Its
structure is closely related to the GRB2 (Growth factor receptor bound-2) and GRAP proteins (Grb2-
related adaptor protein) 1. GADS is expressed throughout all the hematopoietic compartment and immune
cells and is responsible for the nucleation of regulatory multimolecular protein complexes 2. Upon T-cell
receptor activation, these adaptor protein complexes, are responsible for the regulation and tuning of
downstream effects such as Ca2+ flux, activation of the Ras-Erk kinase pathway and cytoskeleton
reorganization 2-4. GADS-deficient mice showed an impaired thymocytes proliferation 5. Moreover, GADS
has also been linked to lymphoid disease in the BCR-ABL pathway by facilitating the interactions with

other signalling molecules 6.

More in dept, GADS is responsible of making a bridge between the adaptor proteins LAT (Linker for
activation of T cells) and SLP76 (Lymphocyte cytosolic protein 2) which are tyrosine phosphorylated after
T-cell receptor activation. Two studies revealed that GADS and SLP76 are also involved in a more complex
cooperative binding mechanism involving a SLP76/GADS complex, resulting in a negative regulation of
T-cell signalling 78. A model has been proposed where the HPK1 kinase is responsible for the uncoupling
of the SLP76/GADS complex from LAT, and consequently a downregulation of TCR signalling (Figure
6.1). The uncoupling would occur via 14-3-3 docking onto the phosphorylated sites by HPK1, i.e. Thr262
and Ser376 on GADS and SLP76 8. The scaffolding activity of 14-3-3 proteins that dock simultaneously
onto two binding partners is a known concept although only few examples are reported ¢1°. The fate of the
14-3-3/GADS/SLP76 complex is yet unknown, but it has been speculated that the complex could be
targeted for degradation. Interestingly, a negative feedback mechanism involving Ser376 HPK1
phosphorylation on SLP76 and consequent 14-3-3 binding leading to SLP76 degradation and TCR
signalling attenuation has already been reported 2. The addition of GADS to the equation certainly
complicates the existing proposed mechanism. However, it could also provide a new entry point for the

modulation of PPI downstream TCR, opening up new perspectives.
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HPK1 Signalling downregulation

Figure 6.1 | Cartoon representation of the GADS regulation model. a) GADS and SLP76 are
recruited to LAT and form signalling complexes. b) HPK1 is recruited by SLP76 and phosphorylate GADS
T262 and SLP76 S376. ¢) 14-3-3 binds to the phosphorylation sites on SLP76 and GADS uncouple them
from LAT and downregulating TCR signalling.

The interaction between GADS and SLP76 occurs between the C-terminal SH3 domain of GADS and
a specific motif on SLP76: 237R-X-X-K=4013, The interaction has been further investigated by generating a
solution structure of the GADS SH3 C-terminal domain in complex with a short derived SLP76 peptide
containing the 237R-X-X-K24° motif and two crystal structures (PDB ID: 1tH3H, 10EB, 2DON ) 14-16,

In this work, we investigate the nature of the interaction between 14-3-3 proteins and GADS. By
means of a GADS derived 12-mer synthetic peptide containing the suggested 14-3-3 interaction site,
pThr262, we characterize the interaction biophysically exploiting Fluorescence Polarization and
Isothermal Titration Calorimetry. We proceed by generating the first crystal structure of a GADS peptide
in complex with 14-3-30. Finally, in preparation of future work on this PPI involving longer protein

constructs, we express and perform protein solubility tests on few GADS and SLP76 constructs.

6.2 Results and Discussion

6.2.1 Binding characterization of the GADSpT262 peptide and 14-3-3 proteins

The structure of GADS is composed of an N-terminal and C-terminal SH3 domains (SH3-N and SH3-
C) flanking a central SH2 domain. The SH2 domain and the SH3-C domain are separated by an
intrinsically disordered region, with the 14-3-3 binding site, Thr262, situated just before the SH3-C
domain (Figure 6.2a) 1. Still, a small angle X-ray scattering (SAXS) study of full-length GADS showed that
GADS adopts a globular structure v7.
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In order to characterize the interaction between 14-3-3 proteins and GADS, a 11-mer synthetic
phosphorylated peptide was designed starting from the native GADS sequence, GADSpT262:
HRRHpT262DPVQLQ (Figure 6.2a). The peptide contains 4 residues before and 6 residues after the 14-
3-3 anchor point, Thr262. Short phosphorylated peptides mimicking the interaction point of larger 14-3-
3 clients represent a useful tool to begin the biophysical and structural investigation on a specific 14-3-3
PPI. Two versions of the same peptide were ordered: a FITC-labelled one for fluorescence polarization
studies and an acetylated one for isothermal titration calorimetry assays and X-ray protein

crystallography.

The FITC-labelled version of the GADSpT262 peptide was first tested against all 14-3-3 isoforms. Ko
values were calculated from fitting curves and were estimated to be in the micromolar range: 1.8-33.9 uM
(Figure 6.2b). These Kp values are in agreement with the affinities that others synthetic phosphorylated
peptides show towards 14-3-3 proteins 18-21. An assay validation was performed exploiting the R18 peptide,
aknown 14-3-3 inhibitor, to confirm that the polarization signal was indeed attributable to a binding event

22, The validation was performed on the 14-3-3y isoform (Figure S 6.1).

The binding towards 14-3-3 proteins was orthogonally confirmed by isothermal titration calorimetry
by testing the GADSpT262 peptide against 14-3-3y (Figure 6.2¢). The calculated Kp was 1.13 uM + 0.07
uM which compared very well with the Kp calculated by the FP being just within the 2-fold difference.
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Figure 6.2 | Binding of 14-3-3 proteins to the GADSpT262 peptide. a) Cartoon representation of
GADS-FL and the GADSpS262 peptide sequence. GADS is composed of three separate domains SH3-1,
SH2 and SH3-2. SH2 and SH3-2 domains are separated by an intrinsically disordered region. b)
Fluorescence polarization assay of the binding of 14-3-3 proteins to the GADSpT262 peptide. The
calculated Kp are reported below the graph. c) Isothermal titration calorimetry assay of the 14-3-3y bound
to the GADSpT262 peptide.

6.2.2 Structural characterization of the GADSpT262/14-3-30 binary complex

After the confirmation of the binding of the GADSpT262 peptide to 14-3-3 proteins, we wanted to
elucidate the mechanism of binding of the latter to 14-3-3. All the 14-3-3 isoforms bound to GADSpT262,
as shown in the fluorescence polarization assay (Figure 6.2b). However, the 14-3-30 isoform is known to
produce crystals with high-resolution diffraction. We therefore crystallised the GADSpT262 peptide with
14-3-30 and the crystals diffracted to a resolution of 1.9 A. Data collection and refinement statistics are
reported in (Table 6.1). Solving the structure allowed to identify the GADSpT262 peptide bound to a 14-

3-30 monomer (Figure 6.3a), this binary complex also constitutes the asymmetric unit of the crystal. The
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electron density, displayed by the 2F,-F. map, allowed to model 7 out of 11 residues of the peptide (Figure
6.3b). As expected, the peptide bound to 14-3-30 determined that the binding occurs via the canonical 14-
3-3 amphipathic binding groove. The phosphorylated Thr262 provides the major anchor point for the
peptide, exploiting polar contacts with 14-3-3 residues Lys49, Arg56, Arg129 and Tyr130. Additional polar
contacts are established between GADSpT262 Asp263, His261 and Arg260 with 14-3-30 Asn 175, Asp225,
Asn226 and Glu182 (Figure 6.3c¢).

Table 6.1: Data collection and refinement statistics of the 14-3-30/GADSpT262 crystal structure.

Data collection
Space group C222,
Cell dimensions
a,b,c,(A) 82.31,111.91, 62.57
Resolution (A)  29.29-1.90 (1.94-1.90)
Rumerge (%)  0.044 (0.55)
<I/o(D> 21.1(2.4)
Completeness (%) 98.1(89.7)
Multiplicity 5.4 (3.5)
CC(1/2) 0.98(0.62)

Refinement
Resolution (A) 28.29-1.9
No. Reflections 22692
Rwork/Rfree 0.17/0.19

No. Atoms
Protein 2093
Water 273

B-factors(A2)
Protein  26.25
Water 34.87
R.M.S.D.
Bond lengths (&)  0.004
Bond angles (°) 0.63

Ramachandran statistics (%)
Favoured 98.31
Allowed 1.69
Outliers 0.00

Values in parenthesis represent the high-resolution shell.
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Figure 6.3 | Crystal structure of the GADSpT262 bound to 14-3-30. a) Asymmetric unit of the
crystal structure. 14-3-30 is represented as white surface (60% transparency) and grey cartoon
highlighting its secondary structure formed by a-helices and loops. The GADSpT262 peptide is
represented as pink spheres. b) Stick representation of the GADSpT262 peptide (pink) with its 2Fo-Fc
maps contoured at o=1. ¢) Stick representation of the GADSpT262 peptide (pink) bound to the 14-3-30
binding groove. 14-3-30 is represented as white a-helices. The 14-3-30 residues interacting with the
GADSpT262 peptide are represented with their side chains in grey sticks. Polar contacts are represented
as dotted black lines.
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6.2.3 Expression and solubility tests of few SLP76 and GADS protein constructs

TCR signalling and the modulation of its downstream effects which lead to the immune response is a
very complex and concerted network of PPI 23. GADS and SLP76 embody part of this complexity. Along
with 14-3-3, in fact, they are part of a suggested cooperative mechanism triggered by HPK1 that negatively
regulate TCR signalling 8. It is therefore important to characterize the interactions of these proteins and
their ability to make complexes in vitro. We then expressed 8 systems, by single or as co-expression
experiments: GADS-FL, SLP76-2, GADS-FL + SLP76-2, GADS-SH3, GADS-SH3 + SLP76-2, GADS-PKA,
GADS-PKA + PKA, GADS-PKA + PKA + 14-3-3¢-FL. The E. coli cultures of each system were lysed and
four sample for each system were loaded on an SDS-PAGE to check the solubility of the protein of interest:
the whole cell lysate before induction, the whole cell lysate after induction, the soluble fraction after the
induction and the insoluble fraction after the induction (Figure 6.4). The first two constructs tested,
GADS-FL and SLP76-2, a shorter version of SLP76-FL, were found to be insoluble. This was also the case
upon co-expression of the two (Figure 6.4a). Columns 4, 8 and 12 of the first SDS-PAGE (Figure 6.4a)
shows a band that identifies the entire amount of the expressed protein in the insoluble fractions. A
shorter version of GADS protein, GADS-SH3, containing the 14-3-3 and SLP76 binding site, the
phosphorylated pThr262 and the SH3 domain, was on the contrary found mainly in the soluble fraction
(Figure 6.4b). GADS-SH3 was also co-expressed with SLP76-2. The comparison between the co-
expression and the single SLP76-2 expression revealed a very light band possibly attributable to SLP76-2
(Figure 6.4b), column 23. A very small portion of SLP76-2 could have been rescued by GADS-SH3 present
in the soluble fraction. This, however, would require a follow-up and confirmation. Finally, a GADS-PKA
construct with a D263V mutation, which allows PKA phosphorylation of the pT262 site, has been also
expressed (Figure 6.4¢). The construct resulted in soluble expression like the GADS-SH3. A co-expression

of 14-3-3e-FL and GADS-PKA showed that both the proteins successfully expressed in the soluble fraction.

The incorporation of phosphorylated Ser/Thr or Tyr in a specific position of protein substrates is a
challenging process. Several biochemical methods have been implemented such as: total chemical
synthesis, semi synthesis, and unnatural amino acid incorporation 24. PKA co-expression is another
method that can be used to phosphorylate proteins, on condition that these targets are PKA substrates. If
not, the phosphorylation can often be achieved by mutating the residues surrounding the site to
phosphorylate, to create the PKA recognition motif: RRXS/TY where X can be any residue and Y is a
hydrophobic amino acid. If protein mutations alter the native protein sequence, they most of the time do
not introduce modification that would impair the substance of any biological analysis. If multiple, PKA
phosphorylation sites are present, site-specific phosphorylation can of course not be guaranteed, unless

for example Ser to Ala mutations are introduced at the unwanted sites.
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Figure 6.4 | SDS-PAGEs analysis of the GADS and SLP76 protein expression constructs. The
legend indicates all the sample types and the coloured dots highlight the relevant bands on the gels. Every
gel contains three expression systems and for each one of them four samples are loaded. Every single
sample is numbered for easier identification. a) GADS-FL, SLP76-2 and GADS-FL + SLP76-2 are loaded
on the gel. All three systems have been found in the expressed fraction but none of them has been found
in the soluble fraction. b) GADS-SH3, SLP76-2 and GADS-SH3 + SLP76-2 systems are loaded on the gel.
GADS-SH3 had been found in the soluble fraction and a small amount SLP76-2 can be observed in the
soluble fraction only when co-expressed with GADS-SH3. ¢) GADS-PKA, GADS-PKA + PKA and GADS-
PKA + PKA + 14-3-3¢-FL are loaded on the gel. Both GADS-PKA and GADS-PKA + PKA systems has been
found in the soluble fraction. The co-expression with 14-3-3e-FL revealed that 14-3-3e-FL can be
expressed along with GADS-PKA and PKA, in the soluble fraction
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6.3 Conclusions

In this work we report the first biophysical and structural characterization of the interaction between
a GADS-derived synthetic peptide and 14-3-3 proteins. The GADSpT262 peptide containing the
phosphorylated Thr262, which was already reported to be responsible for 14-3-3 binding 8, shows micro-
molar affinity to 14-3-3. The novel 14-3-36/GADSpT262 crystal structure confirms that the binding occurs

via the canonical 14-3-3 binding groove.

GADS has been reported to be part of a complex cooperative mechanism downstream TCRs, which
involves SLP76 and 14-3-3 8. Therefore, in order to have a reasonably simple access to longer protein
constructs instead of short phosphorylated peptides, a variety of expression constructs have been tested
for solubility. The objective was to allow structural characterization of the 14-3-3, GADS and SLP76 PPIs
using larger protein constructs in the future. The solubility tests performed on the expressed constructs
revealed that GADS-SH3 and GADS-PKA are promising constructs and that a purification process could
start from here. A co-expression of GADS-PKA with 14-3-3¢-FL also revealed that the generation of
protein complexes right from the expression and purification stage could also happen. The success of the
formation of the complex would need to be confirmed in the purification stages. The possibility of
expressing and purifying protein complexes from the E. coli lysates without having to reconstitute them
in vitro from individual components could be helpful for structural studies. It would still be interesting to
attempt co-expression of 14-3-3 with PKA mutants of SLP76-2 and full-length GADS, to investigate if 14-

3-3 can rescue them to the soluble fraction.
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6.4 Material and Methods

GADS and SLP76 constructs cell transformation, expression and solubility test

NiCo21(DE3) (Thermo Scientific) competent cells were transformed by heat shock with the expression
vectors encoding for (His)e-SUMO-GADS-FL (1-330) (pETDuet™-1, selectable marker: Ampicillin),
(His)e-SUMO-GADS-SH3 (254-330) (pETDuet™-1, selectable marker: Ampicillin), (His)s-SUMO-GADS-
SH3-PKA (254-330, D263V) (pETDuet™-1, selectable marker: Ampicillin), (His)s-SUMO-SLP76-2 (337-
533) (pETDuet™-1, selectable marker: Streptomycin), Strep-14-3-3-e-FL (pPRoeX-Htb, selectable
marker: Streptomycin) and PKA (pACYC, selectable marker: chloramphenicol). = 100 ng of DNA were
added to the competent cells and then put in ice for 20 min. A thermal shock was then applied (42 °C, 30
s) followed by incubation on ice for 3 min. 900 pL of SOC medium were added at the cells and incubated
under stirring for 1 h at 37 °C. 100 uL of cells were spread on the agar plates, the rest of the cells were spun
down (5000 rpm, 5 min), the majority of the medium removed and the pellet formed resuspended in =
100/200 pL of medium. The resuspended cells were spread on agar plates which were incubated O/N at
37 °C. The agar plates were supplemented with 100 pg/mL of Ampicillin, 100 ug/mL of Streptomycin and
25 pg/mL of Chloramphenicol for the single and the double transformations. For the triple
transformation, = 33 ng/mL, 33 pg/mL and 8 pg/mL of Ampicillin, Streptomycin and Chloramphenicol
were used respectively. 500 mL 2TY cultures supplemented with the final concentrations used for the
plates were seeded at ODeoo = 0.1 from O/N cultures in 200 mL 2TY supplemented with antibiotic in the
same way (37 °C, 210 rpm). O/N cultures were created from one colony picked from a freshly transformed
plate of cells. Cultures were incubated until the ODsoo reached the value of 3.5 (37 °C, 170 rpm, 4/5 h). OD
measurements were performed using a 1 in 10 dilution of the culture. The temperature set was then
dropped to 18 °C, 170 rpm, 30 min. When the ODsoo reached the value of 4.0, 500 pL of culture was
sampled, and centrifuged for 5 min. at 5000 rpm in a tabletop centrifuge. The OD is referred to below as
ODéoo before induction. The supernatant was removed, and the pellet was stored at -20 °C until the next day. It
is referred to below as the pellet before induction (BI). Then, 25 ml of a 20X feed solution (500 mM MOPS
sodium salt pH 7.2, 20 mM MgCl., 20 mM MgSO, and 40% v/v Glycerol) was added to the 500 ml
cultures. In addition, IPTG was added to a final concentration of 200 pM. The next day, the OD600 of the
cultures were measured, using a 1 in 40 dilution of the culture for the measurement. This measurement
will be referred to below as ODeoo after induction. From the culture, a volume, calculated by using the following
formula: V (uL) = 500 uL/(ODeoo after induction/ ODsoo before induction) Was taken. A bacterial pellet, referred to as
after induction (AI), was then harvested as described above. 200 pL of BugBuster Master Mix (Thermo
Fisher) was added to the BI and AI pellets. The samples were slowly stirred for 20 min incubation at room
temperature, 30 pL of samples were taken and 10 pL of Loading Dye (4X) were added. These samples are
referred to as whole cell lysate (WCL) BI and AL The remaining of the AI sample was centrifuged for 20
min at 13000 rpm in a tabletop centrifuge, to separate the lysate in a soluble (SF) and insoluble (ISF)
fraction. 10 pL of the soluble fraction was taken out and 10 pL of Loading Dye (4X) were added. The
supernatant was removed from the rest of the Al sample and the pellet, if present, was dissolved in 170
uL of Loading Dye (1X). All the samples were denatured at 95 °C for 5 min and loaded on an SDS-PAGE
for analysis.

14-3-3 protein purification

14-3-3 isoforms vy, T, 0, €, 1, {, B FL and 14-3-30AC (AC=231-248) were expressed with a (His)s-tag in
NiCo21(DE3) competent cells, from a pPRoeX-Htb vector in 2TY media. The purification was carried out
by affinity chromatography on Nickel columns (HisTrap HP, 5 mL). The tags were cleaved with a TEV
protease. The proteins were then loaded again on Nickel columns to remove any non-cleaved protein. A
final purification step was performed by loading the proteins on a size-exclusion chromatography column
(HiLoad 26/600 Superdex 75 pg) equilibrated in 20 mM TRIS-HCI pH 7.5, 150 mM NaCl, 2 mM DTT. All
purification steps were performed on an AKTA pure protein purification system (Cytiva). The 14-3-3 FL
versions were used in the biophysical assays and the 14-3-30AC construct was used for crystallography
purposes.

The peptide GADSpT262 (HRRHpT262DPVQLQ) was ordered with purity >95% from GenScript in an N-

terminal acetylated version and in an N-terminal FITC-Ahx labelled version. The Ri8 peptide,
PHCVPRDLSWLDLEANMCLP, was ordered from Sigma-Aldrich, purity >98% (HPLC).
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Fluorescence Polarization and Isothermal Titration Calorimetry

FP binding assays were carried out on Corning 384-well 3575 plates, serially diluting (2-fold) 14-3-3
isoforms in the presence of 10 nM FITC-labelled peptides. Proteins and peptides were diluted from their
stock concentration in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-
20). The data were collected on a PHERAstar FSX plate reader (BMG Labtech) with an Aex 485 nm, Aem
520 nm FP filter setting. For Kp calculation the background polarization was removed from all values and
the data were fitted with a “One site - Specific binding model” and “Specific binding with hill slope” on
GraphPad Prism version 8.1.1 for Windows, GraphPad Software, La Jolla California USA,
www.graphpad.com. Each data point is the average of a triplicate measurement and the standard
deviation is reported as error bars. ITC measurements were performed on a PEAQ-ITC (Malvern)
dissolving the peptides in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 2mM 2-
mercaptoethanol, 0.05% v/v Tween-20) and dialysing the protein in the same buffer to minimise buffer
mismatch. The optimal peptide and protein concentrations were chosen after simulating the experiment
on the MicroCal PEAQ-ITC Analysis Software (Malvern) according to the predicted Kp. The peptides were
titrated into the cell containing the protein using a series of 18 injections 2 pL each at 25 °C (reference
power 5 pcal/sec, stir speed 750 rpm, initial delay 60 s, spacing 150 s). The data were analysed on the
MicroCal PEAQ-ITC Analysis Software (Malvern).

X-ray protein crystallography

For protein crystallisation, a C-terminally truncated version of 14-3-30 was used (14-3-30AC, AC=17 C-
terminal AA) 25. The binary complexes were prepared mixing 14-3-30AC at 10-15 mg/ml with GADSpT262
ata1:1and 1:1.2 molar ratio, followed by overnight incubation at 4°C (dilution buffer: 20 mM HEPES pH
7.5, 2 mM MgCl2). The crystallization drops were dispensed in 1:1 protein to crystallisation condition ratio
(0.5 uL + 0.5 pL). A focused crystallisation screen was used. The conditions contained a constant
concentration of 5% (v/v) glycerol and 190 mM CaCl2, while PEG400 was screened between 24-29% (v/v)
and the pH of the 95 mM HEPES buffer was varied at 7.1, 7.3, 7.5 and 7.7. The plate was incubated at 4 °C
and crystals grew in 5 to 10 days and were observed in most of the crystallisation conditions. Diffraction
data were collected on the Io4 Beamline at the Diamond Light Source. The data were processed with XDS
26 and AIMLESS 2728, The structure was solved by molecular replacement using PHASER, with a 14-3-30
structure as search model (PDB ID: 3MHR), 2529, The initial structure was then refined using COOT 30 and
PHENIX 31, All figures were generated using PyMOL (The PyMOL Molecular Graphics System, Version
1.2r3pre, Schrédinger, LLC).
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6.5 Supporting Information
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Figure S 6.1| Validation assay for the 14-3-3/GADS interaction. The R18 peptide is titrated on
constant concentrations of 14-3-3y and GADSpT262 peptide inhibiting the interaction therefore
validating the binding.
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Chapter 7

The characterization of potential 14-3-3 interaction
sites on the bone regulator protein Schnurri-3

Abstract

14-3-3 proteins regulate many intracellular processes and their ability to bind in subtly different
fashion to the numerous partner proteins provides attractive drug targeting points for a range of diseases.
Schnurri-3 is a suppressor of mouse bone formation and a candidate target for novel osteoporosis
therapeutics so it is of interest to determine whether it interacts with 14-3-3. In this work, we identified
potential 14-3-3 interaction sites on mammalian Schnurri-3 by an in silico analysis of its protein sequence.
Using fluorescence polarization, isothermal titration calorimetry and X-ray crystallography we show that
synthetic peptides containing either phosphorylated Thr869 or Ser542 can indeed interact with 14-3-3,
with the latter capable of forming an interprotein disulphide bond with 14-3-30; a hitherto unreported

phenomenon.

Part of this work will be published as: Soini, L., Leysen, S., Crabbe, T., Davis, J. & Ottmann, C. The
identification and structural analysis of potential 14-3-3 interaction sites on the bone regulator protein
Schnurri-3.
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7.1 Introduction

14-3-3 proteins are a family of regulatory adaptor proteins with an interactome currently estimated
to include almost 500 binding partners . They facilitate cellular processes like signal transduction, cellular
trafficking, apoptosis and cell-cycle regulation 4. 14-3-3 proteins are expressed in all eukaryotic cells and
human compartments, reaching a remarkable percentage of 1% of the soluble brain proteins 5. In humans,
seven isoforms (B, v, 0, {, 1, € and 1) of 14-3-3 exist. They share a high degree of homology and are known
to form homodimers and heterodimers. Structurally, each 14-3-3 monomer is formed by 9 a-helices

connected by short loops, which confers a high degree of rigidity when docking onto binding partners 6.

The binding of 14-3-3 proteins to their protein partners occurs via recognition of specific consensus
motifs that includes a phosphorylated serine or threonine. So far, three of these motifs have been defined:
mode I) RSXpS/pTXP, mode II) RXY/FXpS/pTXP and mode III) pS/pTX..-COOH 8. X represents any
residue and mode III motifs are situated on the C-terminus of the binding partner. However, many
exceptions to these motifs have also been identified . Tens of crystal structures of 14-3-3 proteins bound
to these motifs under the form of synthetic phosphorylated peptides are reported in the PDB 1, and
together provide an important resource that can be exploited for the understanding and modulation of

14-3-3 Protein-Protein Interactions (PPIs).

Regulation of osteoblast activity is essential for the preservation of bone homeostasis . Schnurri3
(SHN3), also known as Transcription Factor HIVEP3 has been identified as a key inhibitory regulator of
osteoblast activity in the context of mouse postnatal skeletal remodelling ®2. It has been proposed that this
is achieved via interaction with the MAPK ERK1/2 and suppression of kinase activity critical to pro-
osteogenic signalling pathways 1314, though it remains unclear how MAPK or pathway specificity is
achieved. Mice lacking critical residues in SHN3’s MAPK binding motif or mice treated to reduce
expression of endogenous SHN3 nevertheless displayed few phenotypic changes beyond increased adult
bone mass, identifying SHN3 as an attractive drug target for osteoporosis and fracture repair treatments

15,

The interaction of SHN3 with kinases opens up the possibility that its function is more specifically
regulated by phosphorylation and binding to 14-3-3 proteins. To initiate investigations, we performed an
in silico analysis and found 18 potential 14-3-3 interaction sites in human SHN3, only 2 of which were
conserved in the mouse sequence. Phosphorylated synthetic peptides of these 2 consensus motifs were
found to interact with 14-3-3 in vitro and their binding mode was further characterised by X-ray
crystallography. Of particular interest, we observed that the motif built around Ser542 in human SHN3

can become covalently associated to 14-3-30 via an interprotein disulphide bond.
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7.2 Results and Discussion

7.2.1 In silico analysis of the SHN3 protein sequence

To identify potential 14-3-3 sites on SHN3 (Uniprot ID Q5T1R4), we performed a sequence analysis
using the 14-3-3-Pred webserver 16. Of all the serine and threonine identified within the SHN3 sequence,
18 scored the highest values to be selected as potential 14-3-3 binding sites (Table 7.1). Among these 18
we focused our attention on the ones that more closely resembled the mode I and mode II 14-3-3 binding
motifs, having an arginine at position -3/-4 and a proline at position +2 from the Ser/Thr that is
phosphorylated. Particular focus has been given to the Pro +2 which has been reported to be of crucial
importance for 14-3-3 recognition 6817, Following this strategy, a more detailed analysis was performed
on the sites Ser542, Thr869, Ser1894, Thri401 and Thr2339. Since sequence conservation in different
species often correlates with biological function, an alignment of the human and mouse (Mus musculus)
SHN3 sequences was performed. This strategy also prioritises motifs that can be investigated for function
in genetically engineered model organisms. The alignment revealed that only Ser542 and Thr869 were

conserved in mouse, and therefore we concentrated our in vitro experiments on these sites.

Table 7.1: 14-3-3 putative binding sited identified on SHN3 by the 14-3-3-Pred webserver.

pS/pT Site Sequence Conservation* Proline +2 Mode I)/11)**
399 YFSRSE(pSer)AEQQVS - - Hybrid
490 VKPRRS(pSer)LSRRSM - - Hybrid
542 PLLRSH(pSer)MPSAAC Y Y I) (Arg -3; Pro +2)
793 GKERRT(pThr)SKEISV - - Hybrid
794 KERRTT(pSer)KEISVI - - Hybrid
869 EPDRPD(pThr)EPEPPP Y Y 1) (Arg -3; Pro +2)
892 WPQRSQ(pThr)LAQLPA - - Hybrid
933 PLSRSP(pSer)QESNVS - - Hybrid
948 GSSRSA(pSer) FERDDH - - Hybrid
993 EMRRSA(pSer)EQSPNV - - Hybrid
1012 TETRSK(pSer)FDYGSL - - Hybrid
1050 FLVRQA(pSer)LSRPPE - - Hybrid
1401 YLRVPV(pThr)LPERKG - Y II) (Arg -4; Pro +2)
1625 HADRRS(pSer)VYAGWC - - Hybrid
1894 HALRAD(pSer)SPILGP - Y 1) (Arg -3; Pro +2)
1986 PLARKH (pSer)LTKNDS - - Hybrid
2339 ESPRAP(pThr)NPEPSA - Y D) (Arg -3; Pro +2)
2354 PLDRSS(pSer)VGCLAE - - Hybrid

* Conservation has been tested against mouse ** Mode 1) RSXpS/pTXP; Moade I1) RXY/FXpS/pTXP

7.2.2 Biophysical characterization of the SHN3pS542 and SHN3pT869 peptides
to 14-3-3 proteins

To investigate potential 14-3-3 interaction sites on a given protein, short synthetic phosphorylated
peptides derived from their native sequences can be studied in biophysical assays. This circumvents the
challenges associated with producing full length proteins, phosphorylated at specific sites, with sufficient
amounts and purity. Several examples employing this approach are reported in the literature 1820, Two
peptides derived from the SHN3 protein sequence were designed: SHN3pS542 (LLRSHpS542MPSAAC)
and SHN3pT869 (PDRPDpT869EPEPPP).
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The binding of the SHN3 peptides to 14-3-3 proteins was first characterised with a fluorescence
polarization assay exploiting a Fluorescein Isothiocyanate (FITC) version of the peptides. 14-3-3 proteins,
in their full-length versions, were titrated on fixed concentration of peptides in order to generate a
polarization attributable to a binding event. For the SHN3pS542 peptide all the 14-3-3 isoforms bound to
the peptide, generating full titration curves from which it was possible to calculate affinities in the low
micromolar range: from 0.5 to 2 uM (Figure 7.1a). 14-3-30 however, generated a curve which underwent
a considerable left shift towards higher affinities compared to the other isoforms generating a nM affinity:
26 nM + 2 nM (Figure 7.1a). In contrast, The SHN3pT869 peptide failed to provide full titration curves as
only a modest FP signal was observed at the top concentrations. It was therefore not possible to calculate

Kbp values (Figure 7.1b). The SHN3pT869 peptide can be considered as a very weak 14-3-3 binder.
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Figure 7.1 | Fluorescence polarization assays of the SHN3 peptides with all human 14-3-3
isoforms. a), b) Titration curves of 14-3-3 proteins titrated over constant concentration of SHN3 peptide.
Kp values are reported on the right for the SHN3pS542 peptide.

The binding of SHN3pS542 to 14-3-3 was further characterised by ITC. The peptide was tested against
the 14-3-3y isoform which was taken as a reference for all the other isoforms. The estimated Kp for this
assay was 0.69 uM + 0.15 uM which matched the one estimated with the FP assay: 0.78 uM + 0.05 uM
(Figure S 7.1a).

7.2.3 X-ray structural characterization of the SHN3pS542 and SHN3pT869
peptides in complex with 14-3-30

To structurally elucidate the binding of the SHN3pS542 and the SHN3pT869 peptides, they were
crystallised with 14-3-30. Despite SHN3pT869 being a very weak binder to 14-3-3 proteins, X-ray
crystallography experiments with this peptide were implemented. The 14-3-30 isoform was chosen since
crystallisation conditions are known that readily produce crystals independent of the peptides being used.
Also, we hoped it could provide insight as to why the SHN3pS542 peptide bound stronger to this isoform.
High resolution structures for 14-3-30 in complex with each peptide were obtained. The data collection

and refinement statistics for the solved structures are reported in Table 7.2.
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Table 7.2: Data collection and refinement statistics of the 14-3-30/SHN3pS542 and the 14-3-
30/SHN3pT869 crystal structure.

Data collection 14-3-30/SHN3pS542 14-3-30/SHN3pT869
Space group C222, C222,
Cell dimensions
a, b, c, () 82.76, 112.83, 62.93 83.29, 113.63, 63.2
Resolution (&) 28.46-1.37 (7.52-1.37) 56.72-1.59 (8.68-1.59)
Rumerge (%) 0.050 (0.32) 0.042 (0.15)
<I/o(D)> 14.1(3.2) 19.3 (5.6)
Completeness (%) 99.9 (99.9) 99.8 (99.7)
Multiplicity 5.2(3.4) 5.2 (3.5)
CC(1/2) 0.99 (0.84) 0.99 (0.96)
Refinement
Resolution (&) 28.46-1.37 56.72-1.59
No. Reflections 61661 40935
Rwork/Riree 0.14/0.16 0.13/0.15
No. Atoms
Protein 2124 2121
Water 412 394
B-factors(A2)
Protein 17.89 19.66
Water 34.35 35.67
R.M.S.D.
Bond lengths () 0.018 0.011
Bond angles (°) 1.56 1.02

Ramachandran statistics (%)

Favoured 97.91 08.32
Allowed 2.09 1.68
Outliers 0.00 0.00

Values in parenthesis represent the high-resolution shell.

For both structures, the asymmetric unit (ASU) is composed of one 14-3-30 monomer bound to one
copy of peptide (Figure 7.2a, b). The peptide sequences bound to 14-3-30 were modelled in the 2F,-F. map
contoured at 0=1, which allowed to build 9 residues out of 12 for both SHN3pS542 and SHN3pT869
peptides (Figure 7.2¢, f). The two peptides bound to the canonical amphipathic 14-3-3 groove employ the
phosphorylated Ser542 and Thr869 as major anchor points. These generate polar contacts with Args6,
Argi29 and Tyri130 from 14-3-30 (Figure 7.2¢, d). Besides the phosphorylated Ser542 and Thr869, the
peptides interact with different residues on 14-3-30. SHN3pT869 establishes polar contacts between its
Glu872 and Glu870 with Asn50, Lys122, Lys49 and Asn175 on the C-terminus side of the peptide and
between SHN3pT869 Asp868 and Pro867 with Asn226 on the N-terminus side of the peptide (Figure
7.2d). Differently, the SHN3pS542 peptides establishes polar contacts between its His541 and Ser540 and
Asn226, Trp230 and Glu182 on the N-terminus side of the peptide (Figure 7.2¢). The C-terminus side sees
the SHN3pS542 peptide extending over the entire 14-3-30 cavity generating contacts between Alas47,
Alas46, Ser545 and Mets543 with Asng2, Ser4s5 and Lys122 on 14-3-30.
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a) b)

P544 P873
Figure 7.2 | Crystal structures of 14-3-30 in complex with the phosphorylated peptides
SHN3pS542 and SHN3pT869. a), b) Surface representation of the asymmetric unit of the 14-3-
30/SHN3pS542 and SHN3pT869 crystal structure. The 14-3-30 monomer is represented as white surface
with transparency at 60% and as white cartoon highlighting the secondary structure of 14-3-3 proteins: 9
a-helices and loops connecting them. The SHN3pS542 peptide is represented as purple spheres and the
SHN3pT869 peptide is represented as orange ones. ¢), d) Sticks representation of the SHN3pS542 peptide
(purple) and SHN3pT869 peptide (orange) bound to the 14-3-30 amphipathic binding groove. Polar
bonds are represented as dotted black lines. e), f) Stick representation of the SHN3pS542 peptide (purple)
and SHN3pT869 peptide (orange) with their 2Fo-Fc maps contoured at o=1. The side chain of the R539
of the SHN3pS542 peptide has not been modelled due to the lack of electron density in the area.

14-3-3 proteins often bind to pSer/pThr located on intrinsically disordered regions inducing a

disorder to order transition effect on their binding partners 222, Therefore, in 14-3-3/phosphopeptide
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crystal structures, usually only 3 to 4 amino acids can be modelled on each side of the central pSer/Thr
anchoring residue. However, it was possible to model the entire sequence of the SHN3pS542 peptide from
pSer542 to Cys548 (Figure 7.2¢). The 2F,-F. map strongly suggests a disulphide bond is formed between
Cys548 on SHN3pS542 and Cys38 on 14-3-30. This keeps the peptide rigidly docked close to the 14-3-3
surface, explaining why more of the peptide could be modelled in the electron density. It also explains the
observed higher affinity of the SHN3pS542 peptide for the 14-3-3 o isoform, as the other isoforms do not

have a cysteine at the corresponding position in their primary sequence. (Figure S 7.2).

If we compare the two SHN3 peptides bound to 14-3-30 it is possible to notice how the covalent
disulphide bond acts on the orientation that the SHN3pS542 peptide takes within the 14-3-3 binding
groove (Figure 7.3b). The covalent bond in fact forces the peptide to occupy the entire length of the cavity.
This evidence was found to be in total agreement with what observed in the FP assay that showed an
increase of binding affinity of a 100-fold for 14-3-30 compared to the other 14-3-3 isoforms (Figure 7.2c).
14-3-3 proteins possess a remarkable degree of sequence similarity among the isoforms. 14-3-30 and 14-
3-3y are 65% identical, but the degree of similarity can go up to 87% for 14-3-3n and 14-3-3y. However,
the Cys38 is present only in the 14-3-30 isoform which explains why the disulphide covalent bond could
form only with that specific isoform (Figure S 7.2). In contrast, the SHN3pT869 peptide adopts the typical
conformation with the proline in the +2 position from pThr869 inducing a turn away from the 14-3-3

binding groove 87.

Figure 7.3 | Magnification of the SHN3pS542 and SHN3pT869 peptides bound to 14-3-30.
a) The SHN3pS542 peptide is represented as purple sticks bound covalently through a disulphide bond
to 14-3-30 Cys38. 14-3-30 is represented as white surface and its residues Ser37, Cys38, Glugg and Glugo
as grey sticks. 2Fo-Fc map countered at o=1 is coloured in blue for the SHN3pS542 and in grey for 14-3-
30 suggesting the presence of a disulphide bond between Cys38 and Cys548. b) Superposition of the
SHN3pS542 and the SHN3pT869 peptide bound to 14-3-30. The SHN3pS542 peptide (purple) occupies
the entire 14-3-30 groove whereas the two consecutive prolines in the SHN3pT869 cause the peptide to
turn away from the 14-3-3 groove.
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A closer look at the peptide sequences highlights the conclusion that the SHN3pS542 peptide is a pure
mode I) binder, while the proline at position -2 from the pT869 site replaces the ideal hydroxylic/aromatic
residue. Despite the discovery of exceptions to the canonical binding motifs 9, the presence of an aliphatic

residue may be the cause of the weak affinity of the SHN3pT869 peptide to 14-3-3 proteins.

After the observation that the SHN3pS542 peptide binds covalently to 14-3-30 in the crystal structure,
it was also tested by ITC in its acetylated and FITC-labelled form against the 14-3-30 isoform, under
reducing conditions to calculate the Kp in the absence of a covalent bond. The estimated Kp’s for both
versions of the peptide were very similar: 5.8 uM + 1.3 uM for the acetylated peptide (Figure S 7.1b) and
4.8 UM + 0.8 uM for the FITC-labelled one (Figure S 7.1c). This shows that under reducing conditions
both peptides had Kp’s placed in the same affinity range as observed by FP for the other 14-3-3 isoforms
(Figure 7.1a).

One of the proposed mechanisms that 14-3-3 proteins utilise to dock onto binding partners is the so-
called gate-keeper model. In this model it is proposed that at first a stronger site interacts with one binding
groove on 14-3-3. This would then cause the second weaker site to be in close proximity to bind to the
second 14-3-3 binding groove taking advantage of the avidity effect caused by the first binding event 23-26.
Having two sites bound to 14-3-3 simultaneously improves the affinity of the whole system. This
mechanism of action highlights the fact that there could be many 14-3-3 sites situated on binding partners
that would not necessarily be revealed by biophysical techniques such as FP and ITC. They would in fact
need to be linked to a first stronger site. The fact that the SHN3pT869 peptide did not show a comparable
affinity for 14-3-3 proteins as SHN3pS452 could theoretically be explained by the fact that is part of a

more complicated mode of binding such as the gate-keeper model.

<.3 Conclusions

In this work we show that, in the form of 12-mer peptides, the SHN3pS542 and SHN3pT869 sites
interact with 14-3-3 proteins in vitro and utilise the canonical 14-3-3 binding groove. FP and ITC assays
supported the SHN3pS542 binding to all 14-3-3 proteins whereas the SHN3pT869 interaction was only
confirmed under the artificially high protein concentrations required to obtain the crystal structure.
Significant differences in binding affinity were observed and the SHN3pS542 peptide established a
disulphide bond with Cys38, which is present only on 14-3-30 isoform. This is the first observation of the
phenomenon and it will be interesting to see whether this also occurs within the cellular environment and
with full length SHN3. A covalent interaction may define a new biological function to 14-3-30, for example

a more permanent 3D-structural determinant for disordered proteins like SHN3.

The findings presented in this paper represent a starting point for investigating the function of any
SHN3/14-3-3 PPI, with pS542 the recommended focus. The presence of a proximal reactive cysteine
residue may also allow the use of covalent chemical probes to modulate any observed biological

functionality 27:28.
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~7.4 Material and Methods

Protein Expression and Purification

14-3-3 isoforms vy, T, 0, €, 1, ¢, p FL (full-length) and 14-3-30AC (AC=231-248) were expressed with a
(His)e-tag in NiCo21(DE3) competent cells, from a pPRoeX-Htb vector in 2TY media. The purification
was carried out by affinity chromatography on Nickel columns (HisTrap HP, 5 mL). The tags were cleaved
with a TEV protease. The proteins were then loaded again on Nickel columns to remove any non-cleaved
protein. A final purification step was performed by loading the proteins on a size-exclusion
chromatography column (HiLoad 26/600 Superdex 75 pg) equilibrated in 20 mM TRIS-HCI pH 7.5, 150
mM NacCl, 2 mM DTT. All purification steps were performed on an AKTA pure protein purification system
(Cytiva). The 14-3-3 FL versions were used in the biophysical assays and the 14-3-30AC construct was
used for crystallography purposes.

The peptides SHN3pS542 (LLRSHpS542MPSAAC) and SHN3pT869 (PDRPDpT869EPEPPP) were
ordered with purity >95% from GenScript in an N-terminal acetylated version and in an N-terminal FITC-
Ahx labelled version.

Fluorescence Polarization and Isothermal Titration Calorimetry

FP binding assays were carried out on Corning 384-well 3575 plates, serially diluting (2-fold) 14-3-3
isoforms in the presence of 10 nM FITC-labelled peptides. Proteins and peptides were diluted from their
stock concentration in assay buffer (50 mM Tris pH 7.5, 150 mM NaCl, 5 mM MgCl., 0.05% v/v Tween-
20). The data were collected on a PHERAstar FSX plate reader (BMG Labtech) with an Aex 485 nm, Aem
520 nm FP filter setting. For Kp calculation the background polarization was removed from all values and
the data were fitted with a “One site - Specific binding model” on GraphPad Prism version 8.1.1 for
Windows, GraphPad Software, La Jolla California USA, www.graphpad.com. Each data point is the average
of a triplicate measurement, standard deviation is reported as error bars. ITC measurements were
performed on a PEAQ-ITC (Malvern) dissolving the peptides in assay buffer (50 mM Tris pH 7.5, 150 mM
NaCl, 5 mM MgCl., 2 mM 2-mercaptoethanol, 0.05% v/v Tween-20) and dialysing the protein in the same
buffer to minimise buffer mismatch. The optimal peptide and protein concentrations were chosen
simulating the experiment on the MicroCal PEAQ-ITC Analysis Software (Malvern) according to the
predicted Kp. The peptides were titrated into the cell containing the protein using a series of 18 injections
2 uL each at 25 °C (reference power 5 pical/sec, stir speed 750 rpm, initial delay 60 s, spacing 150 s). The
data were analysed on the MicroCal PEAQ-ITC Analysis Software (Malvern).

X-ray protein crystallography

For protein crystallisation, a C-terminally truncated version of 14-3-30 was used (14-3-30AC, AC=17 C-
terminal AA) 29. The binary complexes were prepared mixing 14-3-30AC at 10/15 mg/ml with SHN3pS542
and SHNpT869 at a 1:1 and 1:1.2 molar ratio, followed by overnight incubation at 4°C (dilution buffer: 20
mM HEPES pH 7.5, 2 mM MgCl2). The crystallization drops were dispensed in 1:1 protein to
crystallisation condition ratio (0.5 puL + 0.5 pL). A focused set of crystallisation conditions was used,
containing: 95 mM HEPES pH 7.1-7.7, 24-29% PEG400, 190 mM CaCl., Glycerol 5%. The plate was
incubated at 4 °C and crystals grew in 5 to 10 days and were observed in most of the crystallisation
conditions. The data were collected on the Io4 Beamline at the Diamond Light Source. The diffraction
data were processed with XDS 3¢ and AIMLESS 3t32, The structure was solved by molecular replacement
using PHASER, with a 14-3-30 structure as search model (PDB ID: 3SMHR), 29:33. The initial structure was
then refined using COOT 34 and PHENIX 35.The structures are deposited in the PDB with accession code
7B13 for 14-3-30/SHN3pS542 and 7B15 for 14-3-30/SHN3pT869 All figures were generated using PyMOL
(The PyMOL Molecular Graphics System, Version 1.2r3pre, Schrodinger, LLC).
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7.5 Supporting Information

a) 14-3-3y/SHN3pS542 b) 14-3-30/SHN3pS542 c) 14-3-30/SHN3pS542-FITC
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Figure S 7.1 | Isothermal Titration Calorimetry assays of 14-3-3 proteins with SHN3pS542.
a) SHN3pS542 peptide titrated over 14-3-3y. b) SHN3pS542 peptide titrated over 14-3-30 under reducing
conditions. ¢) SHN3pS542-FITC peptide titrated over 14-3-30 under reducing conditions.
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Figure S 7.2 | Alignment of the initial portion of the sequence of all 14-3-3 isoforms up to
the first 58/59/60 residues. Homologues residues are highlighted in green and the Cys38 present
only in the 14-3-30 isoform is highlighted in yellow.
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8.1 Introduction

This final chapter takes the opportunity to review what was achieved over the course of this research
but also highlight some of the challenges and limitations of our approach raised in the previous chapters.
Most importantly we discuss how this research could best be exploited to identify stabilisers of 14-3-3
PPIs with a view to develop therapeutically useful drugs. Using a peptide approach to study 14-3-3 biology
and new targets remains a useful complementary tool we possess to discriminate between potentially
promising and non-promising targets. Moreover, an outlook will be given on the added value that high-
throughput screening using protein constructs performed in this work brings and how we could continue

to further validate and develop the novel 14-3-3 stabilisers that were discovered.

8.2 The challenges associated with studying
multivalent 14-3-3 interactions and full-length 14-
3-3 binding partners

In the early days of 14-3-3 research it became clear that the binding to 14-3-3 proteins was driven
almost exclusively by phosphorylated threonine or serine amino acids on the binding partner. The more
14-3-3 binding partners that were discovered, the more sequence patterns started to emerge and these
were classified in the three binding modes that have been described in the previous chapters 1. Although
these sequences could be classified into specific recognition motifs, with the expansion of the 14-3-3
interactome, more and more exceptions to the rule were identified. In (Table 8.1) all the peptides

characterised in this work were aligned with the three classical 14-3-3 motifs.

Table 8.1: Sequences of the peptides of which binding has been characterised as part of this work. The
three modes have been colour-coded and used to determine if the peptide adheres to a specific motif, i.e.
blue for mode I), green for mode II), grey for the C-terminal mode III). Mode III) motif have not been
characterised in this work. Amino acids not adhering to these motifs are marked in red.

Peptides Sequence
SLP76pS376 FPQSA (pS) LPPYFS
BLNKpT152 ARLTS (pT) LPALTA
BLNKpS285 RHRGS (pS) HRQE A V
SHN3pS542 LLRSH (S MPSAAC
SHN3pT869 PDRPD (pT) EPE P P P
GADSpT262 HRRH (pT) DPV QL Q

Modes

D RS X (pX) X P
1) RXY/FX (pX) X P
I1I)

Even among the peptides characterised in this work, it is clear how a clean-cut distinction between

the modes cannot be made, except for the SHN3pS542 peptide. However, there is a common feature that
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stands out: the proline in position +2 from the pS/pT. Although it is not necessary for binding, its absence
in the BLNKpS285 peptide resulted in extremely poor affinity of the peptide for 14-3-3. In the case of the
SHN3pT869 however its presence did not rescue the binding to 14-3-3. The categorisation of these
sequences into motifs is certainly useful to consider but should not be relied upon too heavily. Indeed,
this could lead to either false positives, identifying sequences in rigid non-accessible areas of the binding

partner, or false negatives, missing very different sequences from the original motifs 2.

When discussing 14-3-3 binding, multivalency must be considered. Focussing only on single
phosphorylated peptides and prioritising one binding site over the other based solely on affinity could
lead to mistakes since 14-3-3 can simultaneously engage two different sites on its binding partner 3. Often
one of the two is too weak to drive the interaction and could therefore be discarded as irrelevant if studied
in the absence of another phosphorylated 14-3-3 binding site. More extensive analysis and generation of
longer peptides carrying combinations of different phosphorylation sites must therefore be considered.
Thermodynamic models describing multivalent 14-3-3 interactions, as well as structural and biophysical
studies of multivalent 14-3-3 interactions are present in the literature 4. In this work, another example
has been provided by the BLNK case in which the pS285 site was found to be a very weak binder, but in
combination with the pT152 site the affinity towards 14-3-3 increased dramatically. The pT869 site of
SHN3 was also shown to be a very weak binder. Here too, a more extensive analysis of the other potential
14-3-3 interaction sites on SHN3 might reveal additional novel sites and binding modes. As our knowledge
of 14-3-3 PPIs continues to expand so does our understanding of the complex interplay of binding sites
and isoforms. This necessitates using more complex systems to ensure and avoid an overly reductionist

approach.

Although working with peptides representing larger 14-3-3 binding partners has proved to be
practical, they only provide a partial view of the actual PPI since short peptides can only engage the most
conserved surface on the 14-3-3 proteins, the amphipathic groove. This makes it difficult to investigate
isoform selectivity within signalling transduction pathways. More variable areas on 14-3-3, especially a-
helices 8 and 9, might be responsible for secondary interactions that can drive specificity toward different
binding partners. Therefore, working with peptide systems in HTS to identify modulators of 14-3-3 PPIs
has inherent limitations. A first drawback is that potential stabiliser binding sites could be missed, as a
smaller interface is probed. Secondly, one risks developing stabilisers which are only active in the context
of the peptide, but not of the full-length binding partner. This work partially tries to address these issues
by generating and using longer constructs or even full-length versions of 14-3-3 binding partners.
Although working with proteins has the advantage of greater relevance, it does come with its own
challenges. Assuming the protein of interest can be obtained in sufficient amounts, which may require
extensive optimisation of protein expression and purification protocols, a major challenge comes from the
fact that the protein needs to be phosphorylated, preferably in a homogeneous and site-specific manner.
In vitro phosphorylation by the putative native kinase is one approach to obtain the phosphorylated target
protein. However, extensive optimisation of the phosphorylation conditions is often required. One has
also to consider the kinetics of the enzymatic reaction which can require hours of incubation at room

temperature and in the case of already unstable proteins this can translate in considerable sample loss or
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deterioration of sample quality. The in vitro phosphorylation proved to be successful in this project for
the generation of a single phosphorylated species of the SLP76-SH2 construct, which has been
implemented in a full-scale screening campaign. In vitro phosphorylation of other constructs like BLNK-
FL and SLP76-FL were also successful, but multiple phosphorylation events were detected. Although it
served the purpose of testing the binding to 14-3-3, more experiments will be required to identify those
sites and potentially their physiological relevance. When the native kinase responsible for the
phosphorylation of the 14-3-3 binding partner is unknown, or unavailable, a PKA phosphorylation site
can be introduced by mutagenesis. This allows the in vitro phosphorylation of the target protein using
recombinant PKA, or in a cellular context by co-expression of PKA. As at the start of this study, it was not
certain that in vitro phosphorylation by HPK1 would be successful, the PKA phosphorylation approach
was also explored for SLP76 and BLNK. However, as the proteins phosphorylated by HPK1 contained the

native protein sequence, this strategy was ultimately preferred.

Another major challenge of working with larger protein constructs or full-length proteins, is that the
structural characterization of the interaction and of potential small molecular modulators becomes more
difficult. This is a consequence of the significant degree of disordered regions often observed in many 14-

3-3 binding partners.

For BLNK, SLP76 and GADS previous studied identified only one site responsible for 14-3-3 binding:
Thri52, Ser376 and Thr262 respectively 7-9. Knocking out those sites impaired 14-3-3 binding and the
downstream signalling. However, it cannot be excluded that more than one phosphorylated site is
involved in the binding. Identifying those potential sites might be important to understand how 14-3-3
regulates signalling through its binding. It is particularly difficult to locate those sites since they are not
strong enough to engage 14-3-3 alone. The number of sites involved in a 14-3-3 binding event is strictly
correlated to the stoichiometry of those complexes. Hence, the stoichiometry is another important
parameter that needs to be determined. In this work, the stoichiometry of the studied complexes has been
partially elucidated, but has only been unequivocally determined in the case of the SLP76-SH2 construct
by ITC and SPR. Two copies of SLP76-SH2 have been determined to bind to one 14-3-3 dimer.
Experiments conducted on the full-length construct SLP76-FL and SLP76-PKA, however, suggest that
only one copy of these protein bind to 14-3-3. Whether this is due to the larger protein size that can only
fit once in the dimer, or due to other phosphorylation sites that engage simultaneously the 14-3-3 dimer
will need to be addressed in the future. Interestingly, indications from the ITC performed on BLNK-PKA
suggest that two copies of protein bind to 14-3-3. This is counterintuitive given the fact that our data

supports that only one copy of the shorter BLNK-SH2 construct binds to 14-3-3.

The contribution that the additional interactions between 14-3-3 and a full-length or smaller construct
binding partner bring to the affinity of the complex is another topic that is worth discussing in the context
of this thesis. The failed binding test of the two BLNK-E and SLP76-E phospho-mimetics by SEC and ITC
confirmed that phosphorylation is essential for binding and that any additional contacts developed
between 14-3-3 and these two proteins are not strong enough to rescue this binding. Additional
experiments are required also to clarify the difference in affinity between the SLP76 constructs and the
SLP76pS376 peptide. The affinity of SLP76pS376 for 14-3-3y is 616 nM whereas the affinity of SLP76-
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PKA for 14-3-3y is 650 nM. Given they are largely identical, one might argue that no affinity contribution
comes from the additional contacts generated from a larger 14-3-3/SLP76 interaction. However, the
affinity of the shorter SLP76-SH2 construct for 14-3-3y is 40 nM, so 15-fold higher. Similar observations
were made from the analysis the BLNK constructs. The BLNKpT152 peptide and BLNK-PKA construct
had affinities for 14-3-3y of 1.4 uM and 1.9 uM respectively. Interestingly the affinity of BLNK-SH2 for 14-
3-3y is 13 uM which is an opposite trend compare to what observed for the SLP76 constructs. The two
SLP76-SH2 and BLNK-SH2 are different in size, 19 kDa and 34 kDa respectively. The molecular weight
of an SH2 domain itself is around 12 KDa. The BLNK-SH2 construct therefore has a considerable amount

of additional disorder that could interfere with the binding to 14-3-3.

8.3 SLP76 as potential therapeutic target

Drug discovery is an extremely costly and time-consuming process that can take up to 20 years and
several billions (€/£/$) without a guarantee of success . The steps that have to be considered are many
and include target validation, lead generation followed by preclinical and clinical development, and
ultimately drug approval . Obviously, every single step is crucial for a successful outcome. High-
throughput screening (HTS) remains the most commonly used technique and generally applicable
technique in hit finding today and is the focus of this work 2. Hughes et al. 1 described five key general
requirements independent from the chosen assay format which should be considered. Those are: a
validation of the assay, the reproducibility of the assay, the assay costs, the assay quality identified with
the Z factor and the robustness to the solvent used for compounds storage. In the case of the 14-3-
3y/SLP76-SH2 HTS all these requirements have been fulfilled.

The high-throughput screen developed in this work has general applicability to other 14-3-3 PPIs with
the appropriate optimisation. Indirectly, the approach has already been applied to the 14-3-3/p27 PPI
which was used as a counter screen during hit triage of the output from the 14-3-3/SLP76 screen. In
identifying novel and selective stabilisers of the 14-3-3/SLP76 protein system, using protein constructs
rather than peptides, we have achieved a major objective of our research. A key observation is that using
the protein system we have found different chemical matter than would have not been found using only
the peptide system. Of the 16 best compounds, only two demonstrated activity in both protein-based FRET
and FP-labelled peptide assay. This supports the fundamental hypothesis that protein-systems inherently
provide a greater opportunity to discover potentially useful hit compounds beyond the canonical 14-3-3
binding site. An unintended but welcome by-product of the 14-3-3/SLP76 screen was the discovery of
compounds that also stabilised 14-3-3/p27 PPI, opening up future exploration on this target. More
broadly we would expect that extending this screening approach across a wide range of 14-3-3 PPIs we
could reasonably expect to find more chemotypes that selectively stabilise specific interactions or indeed
those that stabilise multiple 14-3-3 PPIs. In our first proof of concept screen we have at least exposed the
potential with the early data already showing tuneable selectivity between SLP76 and p27. As discussed

in previous chapters, the generation of high-resolution structural information on 14-3-3/full-length
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binding partners PPIs is challenging, and it is still elusive for the 14-3-3/SLP76-SH2. The general
applicability of the FRET assay developed here would allow the identification of molecular glues of other
14-3-3 PPI with more potential to crystallise. The obtaining of high-resolution data on any ternary 14-3-
3/target/compound complex would be transformational for the development and optimisation of 14-3-3

PPIs stabilisers and/or inhibitors.

The natural follow up of the 14-3-3y/SLP76-SH2 project would be to test the hits identified from the
HTS in a more complex environment such as cell lines and test them for function. Ten of the sixteen
compounds identified from the primary and secondary screening, i.e compounds 1, 2, 3, 4,7, 8, 9, 10, 12
and 13 were tested in Jurkat T-cells exploiting flow cytometry. Our initial hypothesis was that the
stabilisation of the 14-3-3/SLP76 complex would increase proteasomal degradation of SLP76. Flow
cytometry is an assay that would allow levels of phosphorylated and non-phosphorylated SLP76 in the cell
to be monitored upon stimulation of the TCR with anti-CD3 and compare these levels in the presence and
absence of the compounds. Two antibodies labelled for flow cytometry detection were ordered: one
specific for SLP76 and one for the phosphorylated form of SLP76 at Ser376, the site that triggers the
negative feedback mechanism leading to SLP76 degradation. An initial test on cell viability revealed that
they tolerate a DMSO concentration of 0.3 % and exposure to 30 uM compound concentrations.
Unfortunately, so far, no SLP76 decrease has been detected upon TCR stimulation and compound
exposure. However, the assay development is still at its early days and was unable to be fully developed
within the time of this thesis. It also needs to be recognised that the hits from the FRET screen are at their
earliest stage of their development and will almost certainly need some optimisation before
demonstrating functional effects in cells. We also recognise the importance of additional functional assays
to confirm the relevance of the hits from the screen and support continued hit characterisation. Although
we believe the FRET assay will prove to be a valuable approach to research in this field, it shares the
limitation of any protein-based high-throughput screen. The novel 14-3-3 stabilisers we have identified
will only have true value if they can be optimised and demonstrate a useful cellular and ultimately in vivo
function. Our recommendation as a next step would be to focus on techniques where first you can
recapitulate specific stabilisation of the 14-3-3/SLP76 interaction in cells e.g. using a Promega NanoBit®
system used widely to study PPIs. In tandem, flow cytometry or other techniques to monitor protein levels
should continue to be explored. Given that our ultimate goal was to promote degradation of SLP76 these
assays will be key to supporting the next phase of hit characterisation. Only after we have hits that can do

this can we move to look at inhibiting T-Cell signalling in human primary cells.

8.3.1 SLP76 involvement in human disease

Although SLP76 has been identified mainly as a critical signal transducer protein downstream TCR,
it is an adaptor protein expressed in all the hematopoietic compartment, mast cells, neutrophils, platelets
and natural killer cells 3. It has also been described to play a role downstream of the BCR in the context
of Chronic Lymphocytic Leukemia. In particular, aberrant SLP76 expression in Chronic Lymphocytic
Leukemia cells correlates with a more aggressive disease course 4. SLP76 has also been recently reported

to interact with the Receptor for Advanced Glycation Endoproducts (RAGE) in the context of Sepsis.
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SLP76 binds through its N-terminal SAM domain to RAGE mediating the signalling to downstream
effectors in macrophages. Inhibiting the interaction between RAGE and SLP76, via a TAT-SAM fusion
peptide, results in blocking the downstream signalling events, therefore prolonging life of mice that
underwent cecal ligation and puncture 5. Although a speculative concept, these two examples highlight

how a degrading or inhibiting SLP76 by drugs could result in a beneficial therapeutic effect.

Until recently, the adaptor protein SLP76 has never been directly associated to a human disease
condition. In fact, the major studies on SLP76 have been performed on Jurkat cell lines and SLP76-
deficient mice. Recently, for the first time, human immunodeficiency due to biallelic mutation in SLP76
has been described resulting in T and B cell immunodeficiency, heavy neutrophil defects and platelet
aggregation 6. The correlation between the SLP76 deficiency and the patient’s immune phenotype helped
in the understanding of the role of SLP76 and its biology in man.

These findings highlight the importance of SLP76 in the context of the immune response, immunology

and human conditions making it a potential drug target for the future.
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Summary

Protein-Protein Interactions (PPIs) play a role in almost every essential biological process of the cell:
from apoptosis to cell cycle regulation, from subcellular localization to signal transduction and regulation
of transcription factors. Since misregulation of PPIs often leads to serious human pathological conditions,
targeting them by small molecule inhibitors or stabilisers had consequently become an attractive strategy

for the development of novel therapeutic drugs.

The class of regulatory adaptor proteins 14-3-3, facilitate a plethora of cellular processes recognizing
phosphorylated sites in motifs present on their binding partner, hence modulating signalling pathways.
14-3-3 proteins have also been correlated to ubiquitination and proteasomal degradation pathways. This
thesis work focuses on the identification of molecular glues of 14-3-3 PPIs that could potentially enhance
the proteasomal degradation of their binding partners. Additionally, an extensive biophysical and

structural characterization of these 14-3-3 binding partners was performed.

In Chapter 2, a structural and biophysical characterization of the 14-3-3 interaction with B-cell linker
protein (BLNK) has been performed. BLNK is an adaptor protein that orchestrates signalling downstream
of BCR (B-cell receptor) and that has been reported to undergo negative feedback mechanism which
ultimately leads to BLNK degradation. This mechanism is mediated by HPK1 phosphorylation of BLNK
Thri152 and 14-3-3 binding. A second BLNK site, Ser285, has been suggested to contribute to the 14-3-
3/BLNK PPI. The interaction was characterized by means of two BLNK 12-mer synthetic peptides and a
long peptide containing both pThri52 and pSer28s. The experimental data suggests that BLNK could
interact with 14-3-3 via a gate-keeper model. Additionally, several BLNK protein constructs were
generated, including BLNK-FL, BLNK-SH2, BLNK-PKA and BLNK-E. BLNK-SH2 was identified as a
potential construct to use in screening campaigns for the determination of small molecule stabilisers of
the 14-3-3/BLNK PPI.

Chapter 3 focuses on the 14-3-3 interaction with the Lymphocyte cytosolic protein 2 (SLP76). SLP76
is a protein that belongs to the same protein family as BLNK but has been described as a regulator of the
signalling downstream of TCR (T-cell receptor). Similarly to BLNK, a negative feedback mechanism
involving HPK1, that phosphorylates SLP76 Ser3y6, allowing 14-3-3 binding and subsequent SLP76
proteasomal degradation has been described. Therefore, the characterization of the binding of a 12-mer
synthetic peptide mimicking SLP76 has been performed. Since an equally important goal of these
preliminary studies was to generate longer protein constructs to be used for the identification of small
molecule stabilisers of 14-3-3 PPI, SLP76-FL, SLP76-SH2, SLP76-PKA and SLP76-E protein constructs
were generated. The affinity of SLP76-SH for 14-3-3 and the stoichiometry of the its complex with 14-3-3

was also characterized.

In Chapter 4, a TR-FRET (Time Resolved Fluorescence Energy Transfer) assay for the identification
of modulators of 14-3-3 PPIs has been developed, using the BLNK-SH2 and SLP76-SH2 protein
constructs described in Chapter 1 and Chapter 2. The TR-FRET assay development process was started

171



Summary

on both constructs with the ultimate decision to only focus on SLP76-SH2 as it provided ideal assay

conditions.

Chapter 5 implements the TR-FRET developed in Chapter 4 for the 14-3-3y/SLP76-SH2 PPI in a full
high-throughput screening (HTS) campaign. During the HTS campaign two other protein FRET pairs
were used as counter screens: an unrelated one (IL17/IL17R) and a related one (14-3-3¢/p27). The HTS
and follow-up on the hits allowed to identify 16 stabilisers of the 14-3-3y/SLP76-SH2 PPI across a range
of different chemotypes. Additionally, a library of derivatives of two of these initial hits was also tested
resulting in the identification of additional stabilisers of the 14-3-3y/SLP76-SH2 PPI. The hits identified
on the 14-3-3y/SLP76-SH2 PPI were also tested on the 14-3-3y/SLP76pS376 peptide system to provide
support for structural studies. However, crystal structures of a ternary complex of the hits identified in

this work remain to be determined.

In Chapter 6, a structural and biophysical characterization of another 14-3-3 binding partner involved
in TCR signalling, the GRB2-related adapter protein 2 (GADS), has been performed. GADS, like SLP76,
orchestrates signalling downstream of TCR and a model has previously been proposed where a ternary
complex formed by 14-3-3, SLP76 and GADS might be targeted for degradation. A deeper investigation of
the interaction between GADS, SLP76 and 14-3-3 could therefore provide a new entry point for the
modulation of TCR signalling.

Chapter 7 explores the interaction with a yet unreported 14-3-3 potential biding partner, the bone
regulator protein Schnurri-3 (SHN3). We exploited the 14-3-3-Pred webserver to identify potential 14-3-
3 binding motifs on SHN3 in silico, after which we focussed on Ser542 and Thr869 as potential binding
sites. The two sites were studied using 12-mer synthetic peptides and two novel crystal structures were
generated. Our findings revealed that the SHN3pS542 peptide bound covalently to 14-3-30 suggesting
that it could be the starting point for a more in-depth investigation of the 14-3-3/SH3 PPI.

As a general conclusion, this work identifies new stabilisers of the 14-3-3y/SLP76-SH2 PPI.
Exploiting, to the best of our knowledge, for the first time a proteinaceous 14-3-3 binding partner in a TR-
FRET format HTS. The general applicability of this approach could help in the identification of new
modulators of other 14-3-3 PPIs in the future. Additionally, this work extensively expands the structural
and biophysical characterization of four 14-3-3 binding partners exploiting short synthetic

phosphorylated peptides.
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