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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 proteinprotein interaction (PPI). Specifically, we investigated the binding of mono-and diphosphorylated 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. Finally, we have also solved a crystal structure of the BLNKpT152 peptide bound to 14-3-3σ. These findings could serve as important tool for compound discovery programs aiming to modulate this interaction with 14-3-3.

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: an N-terminal acidic region, a central proline rich domain (mostly disordered) and a C-terminal SH2 domain [START_REF] Fu | BLNK: a central linker protein in B cell activation[END_REF]. 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, PLCγ2 and HPK1 via formation of a multimolecular complex [START_REF] Koretzky | SLP76 and SLP65: complex regulation of signalling in lymphocytes and beyond[END_REF][START_REF] Wu | The SLP-76 family of adapter proteins[END_REF]. The formation of this protein complex stimulates downstream effectors such as the nuclear factors NF-kB and NFAT [START_REF] Tan | The adaptor protein BLNK is required for b cell antigen receptorinduced activation of nuclear factor-kappa B and cell cycle entry and survival of B lymphocytes[END_REF][START_REF] Niiro | Regulation of B-cell fate by antigen-receptor signals[END_REF], and is crucial for Ca 2+ flux regulation [START_REF] Kurosaki | BLNK: connecting Syk and Btk to calcium signals[END_REF][START_REF] Hashimoto | Identification of the SH2 Domain Binding Protein of Bruton's Tyrosine Kinase as BLNK-Functional Significance of Btk-SH2 Domain in B-Cell Antigen Receptor-Coupled Calcium Signaling[END_REF][START_REF] Chiu | BLNK: molecular scaffolding through 'cis'-mediated organization of signaling proteins[END_REF] and cytoskeleton reorganization [START_REF] Turner | VAV proteins as signal integrators for multi-subunit immune-recognition receptors[END_REF]. Importantly, a negative feedback regulation mechanism attenuates BCR signalling through HPK1 induced phosphorylation of BLNK residue Thr152 [START_REF] Wang | Down-regulation of B cell receptor signaling by hematopoietic progenitor kinase 1 (HPK1)-mediated phosphorylation and ubiquitination of activated B cell linker protein (BLNK)[END_REF]. Hematopoietic progenitor kinase 1 (HPK1) is a Ste20-like serine/threonine kinase that is activated upon antigen stimulation of BCRs [START_REF] Tsuji | B Cell Adaptor Containing Src Homology 2 Domain (BASH) Links B Cell Receptor Signaling to the Activation of Hematopoietic Progenitor Kinase 1[END_REF][START_REF] Sauer | Hematopoietic progenitor kinase 1 associates physically and functionally with the adaptor proteins B cell linker protein and SLP-76 in lymphocytes[END_REF][START_REF] Liou | HPK1 is activated by lymphocyte antigen receptors and negativelyu regulated AP-1[END_REF]. HPK1 downregulation leads to an increase in the immune response of antigen immunized mice, making them prone to develop autoimmune diseases [START_REF] Shui | Hematopoietic progenitor kinase 1 negatively regulates T cell receptor signaling and T cell-mediated immune responses[END_REF][START_REF] Chuang | MAP4K Family Kinases in Immunity and Inflammation[END_REF]. Also, downregulation of HPK1 is linked to the human autoimmune disease lupus erythematosus [START_REF] Zhang | Inhibited expression of hematopoietic progenitor kinase 1 associated with loss of jumonji domain containing 3 promoter binding contributes to autoimmunity in systemic lupus erythematosus[END_REF]. Wang et al. showed that the HPK1 induced phosphorylation of BLNK at Thr152 induced its association with 14-3-3, leading to BLNK ubiquitination by a yet unidentified E3 ligase, and subsequent proteolytic degradation [START_REF] Wang | Down-regulation of B cell receptor signaling by hematopoietic progenitor kinase 1 (HPK1)-mediated phosphorylation and ubiquitination of activated B cell linker protein (BLNK)[END_REF]. Mohammad et al. suggested that phosphorylation at Ser285 by AKT could also contribute to the interaction of BLNK with 14-3-3 [START_REF] Mohammad | Protein kinase B (AKT) regulates SYK activity and shuttling through 14-3-3 and importin 7[END_REF].

14-3-3 proteins are a family present in all eukaryotic cells. Humans have seven highly conserved isoforms named: β, γ, ε, ζ, η, σ, τ [START_REF] Sluchanko | 14-3-3 Proteins and regulation of cytoskeleton[END_REF][START_REF] Yang | Structural basis for proteinprotein interactions in the 14-3-3 protein family[END_REF]. They are adaptor proteins that perform important biological roles within cells, one of which is either to mask or expose ubiquitination sites [START_REF] Wang | Down-regulation of B cell receptor signaling by hematopoietic progenitor kinase 1 (HPK1)-mediated phosphorylation and ubiquitination of activated B cell linker protein (BLNK)[END_REF][START_REF] Mizuno | 14-3-3-dependent inhibition of the deubiquitinating activity of UBPY and its cancellation in the M phase[END_REF][START_REF] Dar | 14-3-3 proteins play a role in the cell cycle by shielding cdt2 from ubiquitin-mediated degradation[END_REF]]. 14-3-3 are highly helical, dimeric proteins that contain two symmetrical amphipathic binding grooves, which accommodate mostly Ser/Thrphosphorylated binding motifs of their partner proteins [START_REF] Sluchanko | 14-3-3 Proteins and regulation of cytoskeleton[END_REF][START_REF] Obsil | Structural basis of 14-3-3 protein functions[END_REF]. 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" [START_REF] Stevers | Characterization and small-molecule stabilization of the multisite tandem binding between 14-3-3 and the R domain of CFTR[END_REF][START_REF] Molzan | Synergistic binding of the phosphorylated S233-and S259-binding sites of C-RAF to one 14-3-3zeta dimer[END_REF]. 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 (Fig. 1a) [START_REF] Yaffe | How do 14-3-3 proteins work? -Gatekeeper phosphorylation and the molecular anvil hypothesis[END_REF]. 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.

Thr152 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 [START_REF] Yaffe | The structural basis for 14-3-3:phosphopeptide binding specificity[END_REF].

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:

ARLTSpT 152 LPALTA (Fig. 1a). The peptide was synthesized and purified in an acetylated Nterminal 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 (Fig. 1b). All 14-3-3 isoforms interact with the BLNKpT152 peptide and showed affinities covering a range between 1 and 40 µM, ranked in the following order (strongest to weakest): γ > η > β > ζ > ε > τ > σ. This only partially corresponded with the trend previously reported in literature: γ > τ > η > ε > β > σ > ζ, [START_REF] Wang | Down-regulation of B cell receptor signaling by hematopoietic progenitor kinase 1 (HPK1)-mediated phosphorylation and ubiquitination of activated B cell linker protein (BLNK)[END_REF]. 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 studies agreed that 14-3-3γ was the isoform with the highest affinity. 14-3-3γ was consequently used for all the following comparative studies. To further validate the assay, a dose-response inhibition was performed on the 14-3-3γ/BLNKpT152 system exploiting the known 14-3-3 inhibitor R18 [START_REF] Petosa | 14-3-3zeta binds a phosphorylated Raf peptide and an unphosphorylated peptide via its conserved amphipathic groove[END_REF] (Fig. S1).

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 γ (Fig. 1d), ζ (Fig. S2) and σ (Fig. S2) 14-3-3 isoforms. The ranking of binding affinities between the 14-3-3 isoforms measured by ITC was: γ > ζ > σ (Fig. 1d) which correlates well with those determined by FP.

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 BLNKpT152 peptide, BLNKpS285 is 12 residues long: RHRGSpS 285 HRQEAV (Fig. 1a). The BLNKpT152pS285 peptide contains the BLNKpT152 and BLNKpS285 peptides sequences linked by an artificial GSGGSG linker:

ARLTSpT 152 LPALTAGSGGSGRHRGSpS 285 HRQEAV (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 14-3-3γ isoform (Fig. 1c). The binding to the other 14-3-3 isoforms was also tested (Fig. S3). The peptides are ranked according to their affinity to 14-3-3γ (strongest to weakest): BLNKpT152pS285 > BLNKpT152 > BLNKpS285. The data suggest that the BLNKpS285 is the weak site (its KD 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 high and low KD values of 28 nM (± 3.5 nM) and 1.9 µM (± 2.1 µM) respectively (Fig. S4). 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 Kd of 37 nM (± 3.3 nM) (Fig. 1c).

The binding was orthogonally confirmed performing a direct ITC binding assay of the peptides against 14-3-3γ (Fig. 1d). The KD's derived by ITC were highly consistent with the FP data confirming the affinity ranking of the three peptides to 14-3-3γ: BLNKpT152pS285 > BLNKpT152 > BLNKpS285. The estimated KD values are 27 nM (± 6.7 nM), 1.5 µM (± 19 nM) and 39.7 µM (± 6.69 µM) respectively (Fig. 1d).

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 diphosphorylated 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 (Fig. 1a).

Crystal structure of the 14-3-3σ/BLNKpT152 complex

To structurally elucidate the binding between 14-3-3 and the BLNKpT152 peptide, X-ray protein crystallography was applied. 14-3-3σ 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 Å and the structure was solved by molecular replacement using the structure of 14-3-3σ in complex with the YAPpS127 peptide (PDB ID: 3MHR) [28]. 14-3-3σ crystallised in the typical space group C2221, with one monomer present in the asymmetric unit (ASU) (Fig. 2a). The BLNKpT152 peptide could be modelled within the 14-3-3σ amphipathic binding groove with clear electron density for 8 of its 12 amino acids (Fig. 2b). The binding of BLNKpT152 in the 14-3-3 binding groove is consistent with other 14-3-3σ/phospho-peptide structures deposited in the PDB. Some examples are the complexes 14-3-3σ/LRRK2pS910 (PDB ID: 5MYC) [29], 14-3-3σ/p53pT387 (PDB ID: 5MHC) [START_REF] Doveston | Small-molecule stabilization of the p53 -14-3-3 protein-protein interaction[END_REF], 14-3-3σ/YAPpS127 (PDB ID: 3MHR) [28] and 14-3-3σ/PADI6pS446 (PDB ID: 4DAT) [START_REF] Rose | Identification and structural characterization of two 14-3-3 binding sites in the human peptidylarginine deiminase type VI[END_REF]. The crucial anchor points of the peptide to 14-3-3 is provided by the residues buried in the 14-3-3 binding groove (Fig. 2c): Lys49, Arg56, Tyr130 and Arg129. These interact via polar bonds with pThr152 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, Thr150 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 BLNKpT152 respectively (Fig. 2c). The combination of biophysical assays and X-ray crystallography establish the BLNKpT152 peptide as a 14-3-3 binder.

Conclusions and Perspectives

Our findings offer a first insight into the BLNK/14-3-3 PPI from a biophysical and structural standpoint. 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. This efficient method has provided a large structural information pool on 14-3-3 and its many binding partners which can be exploited in the drug discovery field.

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. 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 lead to an attenuation of the immune response with potential application in the context of B-cell driven inflammatory and autoimmune conditions. While stabilising protein interactions is not a commonly used approach, it holds great potential in terms of selectivity [START_REF] Ottmann | Protein-Protein Interactions[END_REF] and has been shown to be feasible for 14-3-3 interactions as well as several others [START_REF] Milroy | Modulators of protein-protein interactions[END_REF][START_REF] Stevers | Modulators of 14-3-3 Protein-Protein Interactions[END_REF]. With the generation of a detailed understanding of the binding mechanism, our work has provided a basis to start the discovery of small-molecule stabilisers of the 14-3-3/BLNK interaction.

Ideally however, we would prefer to use larger, phosphorylated BLNK protein constructs rather than short phosphorylated peptides for high-throughput screening in the search for stabilisers. 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. Conversely, while working with peptides one might risk targeting a site which could be absent in the context of the full-length protein. Therefore, we have started the generation of these reagents and we anticipate that the characterization of 14-3-3 proteins in complex with BLNK protein constructs will expand our understanding of the binding mechanism and stoichiometry of this PPI. For KD 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, 5mM 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 KD. The peptides were titrated into the cell containing the protein following a series of 18-2 μL injections at 25 ˚C (reference power 5 μcal/sec, stir spees 750 rpm, initial delay 60 s, spacing 150 s). The data were analysed on the MicroCal PEAQ-ITC Analysis Software (Malvern). 

Fig. 1 :

 1 Fig. 1: 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. KD values are reported with their standard error. c) FP assay showing the binding curves of the peptides BLNKpT152, BLNKpS285 and BLNKpT152pS185 binding to 14-3-3γ. KD values are reported with their standard error. d) ITC measurements for binding of peptides BLNKpT152, BLNKpS285 and BLNKpT152pS185 to 14-3-3γ. KD values are reported with their standard error. 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 Ac2O, Pyridine/NMP) at the N-terminus and the FITC-labelled one was functionalized with Fluorescein Isothiocyananate (FITC, Sigma-Aldrich) after a β-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 µM, 150 x 19 mm column in linear gradients of H2O/CH3CN/0.1%TFA. The peptides BLNKpS285 and BLNKpT152pS285 were ordered with purity >95% from GenScript. 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 λex 485 nm, λem 520 nm FP filter setting.

Fig. 2 :

 2 Fig. 2: Crystal structure of the 14-3-3σ/BLNKpT152 binary complex at a 1.88 Å resolution. a) Surface representation of the ASU of the 14-3-3σ/BLNKpT152 crystal structure. The 14-3-3σ monomer and the BLNKpT152 peptide are displayed in grey and yellow surfaces, respectively. b) 2Fo-Fc refined map contoured at σ=1 of the BLNKpT152 peptide. Interpretable residues are highlighted in yellow cases. c) Representation of the
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