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In Brief

Gogl et al. studied the effects of phosphorylation of PDZ domain-binding motifs. They demonstrated that there are many phosphorylatable and phosphorylated motifs, some of which are also putative binding targets of 14-3-3 proteins. Using quantitative interactomic assays and crystallography they showed how phosphorylation and phosphomimetic substitution alters their binding properties.

INTRODUCTION

Short linear motifs are peptide segments that are disordered in isolation yet fold upon complex formation with globular domains, thereby participating in protein-protein interaction (PPI) networks [START_REF] Davey | Attributes of short linear motifs[END_REF]. Consensus sequence features help to define families of motifs, which generally correspond to families of domains that recognize these particular motifs [START_REF] Kumar | ELM--the eukaryotic linear motif resource in 2020[END_REF]. Most domain-motif PPI networks are rather promiscuous, i.e., each individual domain can interact with numerous distinct motifs, and vice versa [START_REF] Ivarsson | Affinity and specificity of motif-based protein-protein interactions[END_REF]. Furthermore, domain-motif networks are often modulated by post-translational modifications (PTMs). The most abundant PTM is phosphorylation, a reversible biochemical reaction, catalyzed by protein kinases and reverse catalyzed by protein phosphatases, that transfers the g-phosphoryl group of an ATP molecule to a receiver residue, most often to the hydroxyl group of a Ser/Thr, or Tyr residue via forming a phosphoester bond [START_REF] Hunter | Why nature chose phosphate to modify proteins[END_REF]. Phosphorylated amino acids have unique properties that can alter biochemical properties of substrate proteins in different ways. Many in vitro and in cellulo experiments involve "phosphomimetic" acidic (Glu/Asp) mutations that are easy to introduce by recombinant approaches and are meant to reproduce the biochemical effect of site-specific phosphorylation events, despite being chemically distinct [START_REF] Sieracki | Studying cell signal transduction with biomimetic point mutations[END_REF]. Across evolution of orthologous proteins, acidic amino acids are often seen to replace phosphorylated sites, and conversely [START_REF] Pearlman | A mechanism for the evolution of phosphorylation sites[END_REF].

PDZs are globular protein domains displaying a conserved antiparallel b barrel fold composed of five to six b strands and one to two a helices. PDZ domains recognize short conserved PDZ-binding motifs (PBMs) mostly located at the extreme C-terminus of their target proteins [START_REF] Songyang | Recognition of unique carboxyl-terminal motifs by distinct PDZ domains[END_REF]. The sequences of C-terminal PBMs fall into three main classes [START_REF] Luck | The emerging contribution of sequence context to the specificity of protein interactions mediated by PDZ domains[END_REF]. The last C-terminal residue (position 0) is almost always hydrophobic (mainly, Leu/Val/Ile). The third last residue (position -2) can be Ser/Thr (class 1), Val/Tyr/Phe (class 2), or Asp/Glu (class 3). The human proteome contains $266 PDZ domains (the PDZome) dispersed over $150 proteins, and a few thousand putative PBMs [START_REF] Luck | The emerging contribution of sequence context to the specificity of protein interactions mediated by PDZ domains[END_REF]. This creates an extensive PDZ/PBM interactome, which is often hijacked by viral intruder proteins bearing their own PBMs [START_REF] Javier | Emerging theme: cellular PDZ proteins as common targets of pathogenic viruses[END_REF][START_REF] Banks | Human tumour viruses and the deregulation of cell polarity in cancer[END_REF][START_REF] James | Viral interactions with PDZ domain-containing proteins--an oncogenic trait?[END_REF]. Many PBMs are potentially phosphorylatable [START_REF] Sundell | Proteome-wide analysis of phospho-regulated PDZ domain interactions[END_REF]. The phosphorylation of a PBM may cause a general change in its "PDZome-binding profile," namely the list of binding strengths exhibited by the PBM toward each individual human PDZ domain. This was recently demonstrated for ribosomal protein S6 kinase 1 (RSK1), a kinase from the Ras/ERK-MAPK pathway Structure 28, 1-13, June 2, 2020 ª 2020 Elsevier Ltd. 1 which is regulated by auto-phosphorylation of its own C-terminal PBM [START_REF] Go ´gl | Rewiring of RSK-PDZ interactome by linear motif phosphorylation[END_REF]. In addition, phosphorylation of a PBM can also alter its interactions with other protein families. For example, the 14-3-3 family, which contains seven members in humans, can also recognize C-terminal motifs in a phosphorylation-dependent manner [START_REF] Coblitz | C-terminal binding: an expanded repertoire and function of 14-3-3 proteins[END_REF]. Worthy of note, viral E6 oncoproteins of high-risk mucosal human papillomavirus (HPV) types responsible for cervical cancers [START_REF] Suarez | Structural insights in multifunctional papillomavirus oncoproteins[END_REF] comprise C-terminal PBMs, which are subjected to phosphorylation events prone to modulate their interaction with PDZ domains and 14-3-3 proteins [START_REF] Boon | High-risk human papillomavirus E6 oncoproteins interact with 14-3-3z in a PDZ binding motif-dependent manner[END_REF].

PDZ/PBM interactions display weak affinities, with low-micromolar dissociation constants for the best binders [START_REF] Luck | Putting into practice domain-linear motif interaction predictions for exploration of protein networks[END_REF]. Thus, accurately measuring the steady-state dissociation constant of a PDZ/PBM interaction can be challenging. We developed a high-throughput experimental approach, called the holdup assay, that can accurately measure such weak interactions (with a limit of quantitation of up to 100-150 mM dissociation constant) [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by high-throughput holdup assay[END_REF]. We have specially adapted the holdup assay to the PDZ domain family, by cloning and expressing the 266 known human domains [START_REF] Duhoo | High throughput production of a newly designed library of soluble human single and tandem PDZ domains allows semi-quantitative PDZ-peptide interaction screening through high throughput holdup assay[END_REF]. The approach allows us to measure complete PDZome-binding affinity profiles of any peptide sequence with high sensitivity.

Here, we combined quantitative interactomics and crystallography to investigate the differential effects of phosphorylation and phosphomimetic substitution of two phosphorylatable PBMs found in the HPV16 E6 viral oncoprotein and the human RSK1 kinase. To this aim, we measured all the affinities of wildtype, phosphorylated, and phosphomimetic versions of RSK1 and E6 PBMs toward the 266 human PDZ domains. We crystallized wild-type and modified RSK1 and E6 PBMs with the second PDZ domain of MAGI1 (MAGI1_2). Finally, we solved the crystal structure of phosphorylated E6 PBM bound to 14-3-3s.

RESULTS

Proteome-wide Identification of Ser/Thr Phosphorylatable PBMs

To evaluate the extent of human PBMs potentially modulatable by phosphorylation, we searched the human proteome with the "SLiMSearch" program [START_REF] Krystkowiak | SLiMSearch: a framework for proteome-wide discovery and annotation of functional modules in intrinsically disordered regions[END_REF] using the most restrictive definition of a PBM, defined by the "ELM" linear motif database [START_REF] Kumar | ELM--the eukaryotic linear motif resource in 2020[END_REF]. This way, we identified 1,926 human PBMs (956 class 1, 458 class 2, and 512 class 3). In Table 1, we counted for each PBM class the number of potentially phosphorylatable Ser/Thr sites at different positions of these PBMs, as well as the numbers of such sites that have experimentally been proven to be phosphorylated in cellulo according to the PhosphoSite database [START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF]. We found that up to 82% (1,578) of the 1,926 predicted human PBMs bear one or more Putative phosphorylatable PBMs were searched using SLiMSearch [START_REF] Krystkowiak | SLiMSearch: a framework for proteome-wide discovery and annotation of functional modules in intrinsically disordered regions[END_REF], using a disorder score cutoff of 0.3. Note that we used the most restrictive definition of PBM consensus motifs according to the ELM database [START_REF] Kumar | ELM--the eukaryotic linear motif resource in 2020[END_REF] and only focused on C-terminal PBMs. Numbers in parentheses indicate the number of motifs that were found to be phosphorylated in low-or high-throughput mass spectrometry datasets in the PhosphoSite database [START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF]. Phosphorylatable motifs contain at least a single Ser/Thr residue at their last 11 C-terminal sequences. Phosphorylated motifs are those found at least once in the PhosphoSite database on at least one site. Phosphorylatable Ser/Thr residues within consensus motifs are highlighted in bold. $ denotes the C terminus (-COOH). For further details, see Table S1.

potential phosphorylatable Ser/Thr sites between positions -1 and -10, and that 19% (375) have been found to be phosphorylated at least once on at least one site. In total, the predicted human PBMs contained, between positions -1 and -10, 3,352 potential and 556 experimentally proven potential phosphorylatable Ser/Thr sites (see also Table S1 for further details concerning a chosen subset of phosphorylatable class 1 motifs). Thus, phosphorylation of PBMs turns out to be very common, pointing to a dynamic regulation of their PPI interactome. Class 1 PBMs, which systematically comprise a phosphorylatable Ser/Thr residue at position -2, are twice as frequent as class 2 or class 3 motifs and they harbor four times as many phosphorylatable sites. Worthy of note, phosphorylation of position -2 introduces an acidic charge, thereby creating a "pseudo-class 3 PBM," and its phosphomimetic substitution creates a class 3 PBM. The most common phosphorylated sites, proportionally to their occurrence, can be found at the position -1 of class 1 and class 2 PBMs. More than 25% of these sites (56 out of 245) are found to be phosphorylated in cellulo. In contrast, the least phosphorylated sites can be found at position -3 of class 1 PBMs. Less than 9% of these sites (12 out of 138) are found to be phosphorylated in cellulo. The most abundant PBM phosphorylation site affects position -2 of class 1 motifs with 113 experimentally proven instances.

The above list of phosphorylatable and/or phosphorylated PBMs is probably not exhaustive. As mentioned before, we used restrictive consensus motifs that may exclude several known PBMs [START_REF] Vaccaro | PDZ domains: troubles in classification[END_REF]. For example, some functional PBMs may have a Cys, Met, and other residues at position 0 [START_REF] Thomas | Analysis of multiple HPV E6 PDZ interactions defines type-specific PDZ fingerprints that predict oncogenic potential[END_REF], and others are not even positioned at the C terminus of proteins. Also, a number of phosphorylatable PBMs may only be modified under special conditions that have never been experimentally addressed. Finally, some phosphorylated PBMs may be difficult to detect by mass spectrometry [START_REF] Lucre `ce | Sequence-dependent enrichment of a model phosphopeptide: a combined MALDI-TOF and NMR study[END_REF]. For example, the HPV-E6 oncoproteins, whose expression is essential for HPV-transformed cells, such as HeLa, comprise a phosphorylatable PBM that is addressed in the present work. However, E6 on-coproteins are only expressed at a very low amount in cells and have a basic residue at position -4. Thus, a standard proteolytic digestion is expected to yield small amounts of a very small fragment, making it difficult to identify by mass spectrometry. Furthermore, the sequence of E6, being a viral protein, is not always present in standard lists of human proteins, so that a database search on the human proteome might skip E6-derived fragments.

Phosphorylation at Distinct Sites of the RSK1 PBM Differentially Impacts Its Binding Affinity for a Panel of PDZ Domains The RSK1 kinase harbors a C-terminal class 1 PBM (. RRVRKLPSTTL-COOH) [START_REF] Thomas | Ribosomal S6 kinase 2 interacts with and phosphorylates PDZ domain-containing proteins and regulates AMPA receptor transmission[END_REF]. RSK1 can autophosphorylate its C-terminal tail at positions -3, -2, and -1, leading to a rearrangement in its PDZ specificity [START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF]. In addition, in the PhosphoSite database RSK1 PBM is the class 1 PBM most frequently phosphorylated at the -3 position (Table S1). Here, we used RSK1 to assess the potential impact of phosphorylation of different positions of a class 1 PBM on its binding affinity for PDZ domains. Based on previous results [START_REF] Go ´gl | Rewiring of RSK-PDZ interactome by linear motif phosphorylation[END_REF], we selected 19 PDZ domains and tested their interactions with competitive fluorescence polarization assay against all possible (mono) phosphorylated RSK1 peptides (Figures 1 andS1). Within the detection range of fluorescence polarization, phosphorylation at position -2 apparently abolished most interactions, whereas phosphorylation at positions -3 and -1 rather modulated their binding affinities. Therefore, in terms of phosphorylation, the -2 position has a higher impact on PDZ interactions than the -3 and -1 positions. This corroborates a previous study that analyzed the effect of phosphorylation on the binding properties of 100 putative phosphorylatable PBMs, assayed against three distinct PDZ domains [START_REF] Boisguerin | Characterization of a putative phosphorylation switch: adaptation of SPOT synthesis to analyze PDZ domain regulation mechanisms[END_REF].

PDZome-Binding Profiles of Native, Phosphorylated, and Phosphomimetic PBMs For further studies, we set out to investigate at proteome-wide level how phosphorylation and phosphomimetic mutations Based on the records of reported instances on the PhosphoSitePlus database, and also supported experimentally [START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF][START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF], RSK is most often modified at the -3 position and least often at the -1 position. Detectable interactions of RSK1 were modulated by phosphorylation at position -3 and -1 and were mostly eliminated by phosphorylation at position -2. The heatmap is colored by affinities, according to the scale bar on the right side.

Structure 28, 1-13, June 2, 2020 3 directed at a higher-or a lower-impact position of class 1 PBMs would alter their full PDZome interactome. This question was addressed using the phosphorylatable PBMs of RSK1 kinase and of HPV16 E6 oncoprotein (herein defined as 16E6). The PBM of 16E6 (. SSRTRRETQL-COOH) harbors phosphorylatable sites at positions -2, -6, -8, and -9, and it was proven to be phosphorylated by various kinases at position -2 (e.g., by basophilic kinases due to a basic patch at position -5, such as PKA) (K€ uhne et al., 2000). To generate PDZome-binding profiles of RSK1 and 16E6 PBM variants, we performed holdup assays [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by high-throughput holdup assay[END_REF] using an updated version of our PDZ library, which includes individual clones of all possible 266 PDZ domains as MBP-fused proteins [START_REF] Duhoo | High throughput production of a newly designed library of soluble human single and tandem PDZ domains allows semi-quantitative PDZ-peptide interaction screening through high throughput holdup assay[END_REF]. We measured the binding profiles of the 16E6 peptides (native, SSRTRRETQL; phosphorylated, SSRTRREpTQL; phosphomimetic, SSRTRREEQL) against all human PDZ domains. In the case of RSK1, we had previously determined the binding profiles of the native (RRVRKLPSTTL) and the phosphorylated (RRVRKLPpSTTL) peptides [START_REF] Go ´gl | Rewiring of RSK-PDZ interactome by linear motif phosphorylation[END_REF]. Here, we measured the binding profile of the phosphomimetic peptide (RRVRKLPETTL) along with an additional reference profile of the phosphorylated peptide (Figures 2 and S2; Table S2).

In a holdup experiment, a cell lysate containing an overexpressed PDZ domain of known concentration is incubated with a peptide-saturated resin, the mixture is rapidly filtered, and the remaining PDZ concentration in the filtrate is measured. The experiment provides, for each PDZ domain, a steady-state depletion factor (binding intensity, or BI), that can in principle be converted into a steady-state dissociation constant. This conversion is necessary if we need to compare multiple binding profiles, as each peptide might reach a different concentration during resin saturation. Estimating the dissociation constant re-quires access to three concentrations: free PDZ, free peptide, and PDZ-peptide complex. As stated above, the holdup assay delivers, for each PDZ-PBM pair, the concentrations of free PDZ and complex, while the concentration of free peptide remains unknown. However, using an orthogonal approach, we can obtain steady-state dissociation constants for a subset of PDZ-PBM pairs. We can then use these dissociation constants to back-calculate the peptide concentration in the holdup assay, which is expected to be the same for all PDZ-PBM pairs in that assay. We used a competitive fluorescence polarization assay and measured the binding affinities of the 6 studied peptides against 21 purified PDZ domains (Figure S1) [START_REF] Roehrl | A general framework for development and data analysis of competitive high-throughput screens for small-molecule inhibitors of protein-protein interactions by fluorescence polarization[END_REF]. In the holdup assay, we had already determined the corresponding BI values for most of these 126 interactions. We complemented the binding profiles with 9 interactions that we only measured with the fluorescence polarization assay in Table S2.

For each given interaction, where both a quantifiable (>0.2) BI value and a dissociation constant were available, we calculated the apparent peptide concentration present in the holdup assay. Then, we used the average peptide concentrations obtained in that way to convert the original BI profiles into profiles displaying actual dissociation constants (Figure 3A). In the case of the modified 16E6 peptides, we only detected very weak interactions with the holdup assay that we failed to detect with fluorescence polarization. For these peptides, we used the average of the other peptide concentrations (of RSK1s and 16E6) for the conversion.

Holdup experiments for 16E6_-2P, 16E6_-2E, and RSK1_-3E were performed in singlicate. These singlicate holdup runs provided highly reliable data, as shown by the strong agreement of dissociation constants obtained from holdup assays and fluorescence polarization assays (Figure 3B). Based on our previous experience, the holdup assay is highly sensitive with a limit of The holdup assay generates a BI profile that can be converted into steady-state dissociation constants, if we know the approximate peptide concentration during the holdup experiment. This concentration can be estimated using dissociation constants of a small set of interactions, determined by an orthogonal approach. (B) BI profiles of the studied PBMs. Because each profile is ordered by decreasing BI values, the order of PDZ domains differs between panels. Gray dashed lines represent the conservative threshold of accurate binding quantitation by holdup assay (BI = 0.2).

detection of BI = 0.1 (10% PDZ depletion in solution) when experiments are run in triplicate [START_REF] Vincentelli | Quantifying domain-ligand affinities and specificities by high-throughput holdup assay[END_REF]. Here, based on our comparison with fluorescence polarization, and on the fact that the holdup assays were run in singlicate, we set a conservative lower limit of quantitation at BI = 0.2 (20% PDZ depletion in solution), roughly corresponding to a 100 mM dissociation constant (Figure 3C).

Interactomic Consequence of Phosphorylation or Phosphomimetics of RSK1

Using the holdup assay, we were able to measure the interaction of RSK1 against 259, 260, and 232 PDZ domains for the native, phosphorylated, and phosphomimetic peptides, accounting for 97.4%, 97.7%, and 87.2% of coverage of the complete human PDZome, respectively (Figure 4). Using the threshold of BI = 0.2 for a quantifiable interaction, we detected 23, 13, and 67 significant interactions for the native, phosphorylated, and phosphomimetic peptides, respectively (8.9%, 5%, and 28.9% of the tested PDZome). Phosphorylation at position -3 generates a decrease in overall affinity and reorganizes the preferences of the RSK1 PBM for individual PDZ domains.

Compared with the native RSK1 PBM, phosphorylated RSK1 retains, loses, and gains 10, 13, and 3 detectable partners, respectively. ARHGEF12 (an important substrate of RSK) [START_REF] Shi | RSK2 drives cell motility by serine phosphorylation of LARG and activation of Rho GTPases[END_REF] is among the lost binders, while SYNJ2BP is among the gained ones.

The phosphomimetic mutation also reshuffles the individual PDZ binding preferences of the native RSK1 PBM, but in contrast to phosphorylation it globally enhances the affinities in the binding profile, resulting in a larger number of detected interaction partners. Compared with the native RSK1 PBM, the phosphomimetic PBM retains, loses, and gains 22, 1, and 45 detectable partners, respectively. Overall these data point to strong differences between the phosphorylated and phosphomimetic RSK1 PBMs. Although phosphorylation strongly reorganizes the RSK1 PBM interactome, with numerous losses and gains of binders detected within a given affinity range, the phosphomimetic mutation expands the RSK1 interactome by increasing the number of detected binders without almost any loss. Far from accurately mimicking the phosphorylated state, the phosphomimetic peptide is essentially a very promiscuous peptide that binds all partners of both native and phosphorylated RSK1 PBM, plus numerous additional ones.

Structural Consequence of Phosphorylation or Phosphomimetics of RSK1

Previously, we determined crystal structures of the MAGI1_2 PDZ domain bound to the native RSK1 and RSK1_-3P peptides [START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF]. The PDZ domain was fused to Annexin A2 to enhance crystal formation, which enabled us to gain molecular insight into these PDZ/PBM complexes (Ecse ´di et al., 2020). We used the same construct to obtain the complex with the Structure 28, 1-13, June 2, 2020 5 phosphomimetic RSK1 peptide (Figure 5; Table S3). In the crystal, MAGI1_2 exhibits the common PDZ fold consisting of five b strands and two a helices. The RSK1 peptides bind to the conventional binding groove of the PDZ domain (outlined by b-2, a-2, and the carboxylate-binding ''GLGF loop'').

The RSK1 peptides establish all canonical interactions of a class 1 PBM [START_REF] Hung | PDZ domains: structural modules for protein complex assembly[END_REF]. As a C-terminal anchor, the C terminus of the peptide interacts with the carboxylatebinding loop and the peptide adopts an antiparallel b strand conformation, which complements the exposed b-2 strand of the PDZ fold. A Thr residue at position -2 of the PBM mediates a hydrogen bond with His530 from the a-2 of the PDZ domain. Upon phosphorylation, this conformation is maintained, but some minor local conformation changes were observed around the phosphorylation site. Lys499 is located on the b-3 strand of the PDZ and its side chain is solvent-exposed, facing the -3 position of a PBM. As already observed in previous works [START_REF] Zhang | Structures of a human papillomavirus (HPV) E6 polypeptide bound to MAGUK proteins: mechanisms of targeting tumor suppressors by a high-risk HPV oncoprotein[END_REF][START_REF] Charbonnier | The structural and dynamic response of MAGI-1 PDZ1 with noncanonical domain boundaries to the binding of human papillomavirus E6[END_REF], Lys499 is at an ideal position to mediate specific interactions with PBMs. Indeed, an interaction was observed between this residue and the Ser at position -3 of the RSK1 PBM (with a distance of 2.9 A ˚). Upon phosphorylation, this phospho-Ser residue was captured in two different rotamer conformations (in two closely related crystals), but both of them formed an interaction with the side chain of Lys499 (with a distance of 2.7-3.5 A ˚) (Go ´gl et al., 2018). The phosphomimetic peptide forms a similar interaction with the same amine group (with a distance of 2.2 A ˚).

Interactomic Consequence of Phosphorylation or Phosphomimetics of HPV16 E6

Using the holdup assay, we were able to measure the interaction of 16E6 PBM against 266 PDZ domains for the native peptide, 213 for the phospho-peptide, and 209 for the phosphomimetic peptide (Figure 6). These account to 100.0%, 80.1%, and 78.6% of coverage of the complete human PDZome, respectively. Using the limit of quantitation of our singlicate holdup assay (BI = 0.2, corresponding to a dissociation constant of 60-100 mM), we detected 41 significant interactions for the native-, 6 for the phospho-, and 15 for the phosphomimetic peptide (15.4%, 2.8%, and 7.2% of the tested PDZome, respectively). Moreover, the detected interactions of the modified peptides were markedly weaker compared with the average binding affinity of the native motif. In many cases, we failed to confirm the binding of these weak partners of the phosphorylated and the phosphomimetic peptides with the fluorescence polarization assay (Figures S1 andS3). Thus, we hardly detected any significant interaction partners upon modification of the HPV16-E6 motif at the -2 position.

Upon phosphorylation, 16E6 lost all of the experimentally significant binders of the native peptide with the exception of the weak binder FRMPD4 (Figure S3). Upon phosphomimetic substitution, 16E6 lost 31 significant binders of the native peptide. In addition, only a small overlap (consisting of 3 detected binders) was detected between the identified weak interaction partners of the phospho-and the phosphomimetic 16E6 PBM. An analogous phosphomimetic substitution on the 18E6 PBM was previously found to dramatically reduce its ability to interact with SNX27 [START_REF] Ganti | Interaction of the human papillomavirus E6 oncoprotein with sorting nexin 27 modulates endocytic cargo transport pathways[END_REF].

Structural Consequences of Phosphorylation or Phosphomimetics of HPV16 E6

MAGI1_2 is one of the strongest PDZ partners of 16E6 but, upon 16E6 phosphorylation at position -2, its affinity fell below the detection limits of both holdup and standard fluorescence polarization assays (Figure S1; Table S2). To estimate the very weak affinity of this complex, we repeated the competitive fluorescence polarization experiment by extending the range of titration from 200 mM to 2.5 mM. Under this modified condition, we managed to estimate the dissociation constants both for 16E6_-2P (K d $ 2.5 mM) and for 16E6_-2E (K d $ 1 mM) (Figure 7). Despite these fairly weak associations, we managed to crystallize both complexes, as well as a third complex, including wild-type 16E6 peptide, using the Annexin A2-fused MAGI1_2 construct. To push the reaction toward complex formation, we used an overall PDZ concentration of 135 mM (just as before), supplemented with 2 mM of modified peptides. In a crystal of this fused PDZ domain, the concentration of the PDZ site is approximately 11 mM (based on the typical unit cell dimensions and space group of the obtained crystals). In this situation, approximately 44% complex formation should be expected with the phosphorylated peptide. However, this calculation does not take into account synergistic effects within the crystal, which might significantly increase the fraction of complex formed. Indeed, co-crystallization resulted in isomorphous crystal with high peptide occupancy.

The 16E6 peptide adopts a classical PBM fold, satisfying all the required interactions with the PDZ domain of MAGI1 (Figure 7; Table S3). As described previously in detail [START_REF] Charbonnier | The structural and dynamic response of MAGI-1 PDZ1 with noncanonical domain boundaries to the binding of human papillomavirus E6[END_REF][START_REF] Zhang | Structures of a human papillomavirus (HPV) E6 polypeptide bound to MAGUK proteins: mechanisms of targeting tumor suppressors by a high-risk HPV oncoprotein[END_REF], the 16E6 PBM mediates several bonds with the PDZ domain, including a side-chain-mediated contact between Glu494 of MAGI1 (of the b-2, b-3 loop) and an Arg from position -5 of the PBM. In contrast, in the phosphorylated complex the classical b strand structure of the PBM is disrupted. Here, the only interaction reminiscent of a class 1 motif is that involving the C terminus of the PBM and the GLGF loop of the PDZ. The Thr residue at position -2 is unable to mediate a bond with its hydroxy group with His530 from the a-2, because it is part of the phosphoester bond. This is somewhat compensated by a weak interaction between one of the oxygen atoms of the phosphate group and the imidazole ring of His530. The main chain of the PBM has moved away, impeding the b strand conformation of the bound peptide. The structure of the phosphomimetic peptide is similar, although not identical. We do not observe any direct contact between the acidic residue and His530, but the interactions of the peptide are similarly limited to the extreme C terminus. Thus, both the phosphorylation and the phosphomimetic mutation at position -2 resulted in a significant alteration in the bound b conformation of the PBM.

Phosphorylated PBMs Are Also Potential 14-3-3 Binding Motifs C-Terminal motif binding is not an exclusive property of PDZ domains. For example, PBM phosphorylation can also create an alternative binding site for 14-3-3 proteins [START_REF] Espejo | PRMT5 C-terminal phosphorylation modulates a 14-3-3/PDZ interaction switch[END_REF]. To test the possibility of these alternative interactions, we measured the interactions of 14-3-3s with the PBM of RSK1, a kinase that was previously shown to interact with 14-3-3 proteins [START_REF] Cavet | 14-3-3b is a p90 ribosomal S6 kinase (RSK) isoform 1-binding protein that negatively regulates RSK kinase activity[END_REF]. Although RSK1 did not detectably interact, RSK1_-3P showed indications of a weak phosphorylation-dependent interaction, and both RSK1_-2P and RSK1_-1P bound strongly to the tested 14-3-3s (Figures 8A andS4). RSK1_-2P and RSK1_-1P are, according to experimental data, the minor PBM autophosphorylation sites of RSK1 (Figure 1) [START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF][START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF]. All three phosphopeptides fit to the documented consensus of mode III 14-3-3-binding motifs (Figure 8B). 14-3-3 interactions are centered around the phosphate moiety, and mode III 14-3-3-binding motifs are C-terminal motifs phosphorylated at position -1, -2, or sometimes -3 relative to the C terminus, with Pro being excluded immediately after the phospho-residue [START_REF] Kumar | ELM--the eukaryotic linear motif resource in 2020[END_REF][START_REF] Panni | Combining peptide recognition specificity and context information for the prediction of the 14-3-3-mediated interactome in S. cerevisiae and H. sapiens[END_REF][START_REF] Sluchanko | Association of multiple phosphorylated proteins with the 14-3-3 regulatory hubs: problems and perspectives[END_REF]. The latter S3 for statistical details about crystallographic data collection and refinement.

Structure 28, 1-13, June 2, 2020 7 restriction excluding proline only affects class 1 PBMs that are phosphorylated at position -2 (Figure 8B; Table S1). Among a large number of PBMs phosphorylatable at such positions, only 29 putative and 5 detectably phosphorylated PBMs do not satisfy the requirements of the mode III 14-3-3-binding consensus (34 in total out of all 956 class 1 motifs). Thus, all the remaining phosphorylatable PBMs (1,507 putative motifs) are also potential 14-3-3 binders (Figure 8C).

Crystal Structure of 14-3-3s Protein Bound to Phosphorylated HPV16 E6 PBM The HPV E6 oncoproteins were already described as interaction partners of several 14-3-3 proteins [START_REF] Boon | High-risk human papillomavirus E6 oncoproteins interact with 14-3-3z in a PDZ binding motif-dependent manner[END_REF][START_REF] Boon | Cancer-causing human papillomavirus E6 proteins display major differences in the phospho-regulation of their PDZ interactions[END_REF]. We found that the C-terminal PBM of 16E6 can mediate phosphorylation-dependent interaction with 14-3-3s, a well-characterized member of the 14-3-3 family (Figure 9A). We went on to solve their co-crystal structure using a crystallizationoptimized protein [START_REF] Sluchanko | Structural basis for the interaction of a human small heat shock protein with the 14-3-3 universal signaling regulator[END_REF]. As observed for most 14-3-3 binding motifs, the phosphate group is very well coordinated by the 14-3-3s protein (Figure 9B) [START_REF] Obsil | Structural basis of 14-3-3 protein functions[END_REF][START_REF] Sluchanko | Structural basis for the interaction of a human small heat shock protein with the 14-3-3 universal signaling regulator[END_REF]. It interacts with several residues of the 14-3-3 protein (e.g., Arg56, Arg129, and Tyr130) and it is also stabilized intra-molecularly by an Arg residue from position -4 of the same PBM peptide. In addition, the peptide forms several main-chain-mediated bonds, including an interaction between the C terminus of the PBM and Lys122 of 14-3-3s. The Arg residue at position -5 of the PBM is involved in a stacking interaction with Arg60 of 14-3-3s.

In contrast to the phosphorylated 16E6 PBM, the phosphomimetic 16E6 PBM did not detectably interact with 14-3-3s (Figures 9A andS4), confirming previous data showing that a phosphomimetic 18E6 PBM failed to interact with 14-3-3z [START_REF] Boon | High-risk human papillomavirus E6 oncoproteins interact with 14-3-3z in a PDZ binding motif-dependent manner[END_REF]. In line with these observations, our phospho-PBM-bound 14-3-3 structure shows a strict coordination of the phosphate group. An acidic mutation would be inadequate to mediate the same mode of binding, as already observed for other binding partners of 14-3-3 proteins [START_REF] Zheng | Cellular stabilization of the melatonin rhythm enzyme induced by nonhydrolyzable phosphonate incorporation[END_REF]. The PDZs are ordered by the determined K d ratio (DDG) between the two compared motifs. Dashed line represents the average limit of accurate binding quantitation by the holdup assay (BI = 0.2;

[PBM] = 27 mM; K d = 105 mM).

DISCUSSION New Perspectives in Quantitative Interactomics

In this work, we have quantitatively assessed a very large number of affinities, for $1,500 distinct PDZ-peptide pairs. Although we obtained binding constants for $170 pairs, we also showed that the remaining $1,330 pairs displayed affinities below our quantitation threshold. Both types of data are important for building our understanding of interaction networks. Although the former inform us on the "interactome," the latter inform us on its complementary, often neglected side: the "negatome," comprising all non-favored interactions in the network.

The Consequences of PBM Phosphorylation

Although the human proteome contains thousands of putative phosphorylation sites within PBMs (Table 1), the only case when a PTM may target a high-impact, key motif position for PDZ binding are class 1 motifs phosphorylatable at position -2. All other modification sites affect lower-impact, modulatory positions.

Our results demonstrate that phosphorylation at position -3 of the RSK1 PBM reorganizes its PDZome-binding profile by increasing its affinity for some PDZ domains and decreasing it for others. This rearrangement in the RSK1 interactome can be measured both in vitro and in cellulo [START_REF] Go ´gl | Rewiring of RSK-PDZ interactome by linear motif phosphorylation[END_REF]. Phosphorylation at key position -2 of 16E6 outlines a more drastic effect as it suppresses most of the detectable interactions of the native motif, as shown by our structural data, by disrupting the b conformation of the bound peptide. This finding supports the previously described phospho-dependent disruption of different E6 PBMs with several PDZ domains and the phospho-regulation of other, non-viral PBMs [START_REF] Boon | Cancer-causing human papillomavirus E6 proteins display major differences in the phospho-regulation of their PDZ interactions[END_REF][START_REF] Cohen | Binding of the inward rectifier K+ channel Kir 2.3 to PSD-95 is regulated by protein kinase A phosphorylation[END_REF].

Although phosphorylation at a key motif position can disrupt molecular interactions to a degree that makes them undetectable with standard methods, phosphorylation at lower-impact sites tends to preserve the overall bound conformation, while modulating affinity and specificity profiles. As an example, the PBM of b2AR (. CSTNDSLL-COOH) harbors three phosphorylatable residues [START_REF] Clairfeuille | A molecular code for endosomal recycling of phosphorylated cargos by the SNX27-retromer complex[END_REF]. Although the native b2AR PBM binds moderately to the PDZ domain of SNX27, its variants phosphorylated at modulatory positions -5 and -6 bind more strongly, and the variant phosphorylated at key position -2 binds significantly more weakly. Yet, solution NMR experiments showed that the chemical environment of the carboxylate-binding GLGF loop was altered in presence of the -2 phosphorylated PBM, indicating that phosphorylation at key position -2 still allowed a residual binding mode compatible with our crystal structure of the MAGI1_2 bound 16E6_-2P peptide.

Out of all the putative PBM phosphorylation sites analyzed in this study, we have found that 1,507 PBMs are also putative binders of the 14-3-3 family, thereby presenting characteristics of dual specificity motifs [START_REF] Van Roey | Motif switches: decisionmaking in cell regulation[END_REF]. In these interactomic rearrangements, phosphorylation has a strong impact. Although some 14-3-3 binding affinities may seem moderate (like that of the 16E6/14-3-3s interaction documented here), they may be relevant in cellulo since 14-3-3 isoforms are present at a high concentration in many tissues [START_REF] Boston | Human 14-3-3 protein: radioimmunoassay, tissue distribution, and cerebrospinal fluid levels in patients with neurological disorders[END_REF]. Thus, an extensive dynamic interplay is likely to occur between the PDZ and 14-3-3 interaction networks. Moreover, phosphorylatable PBMs that are capable of binding PDZ and 14-3-3 proteins are also expected to bind transiently to kinases and phosphatases. That a motif bears information for the recognition by at least four different protein families has particular evolutionary consequences, since each interaction mode should impose its own constraints. This is remarkably illustrated by the HPV16 E6 PBM, which we captured here in crystal structures of two different types of complexes, one with a PDZ family member and one with a 14-3-3 family member. In both types of complexes, the same conserved residue of E6, namely Arg at position -5 of the PBM, was found to establish critical interactions, yet of a different nature. Furthermore, the same E6 PBM was, in our hands, very efficiently phosphorylated by protein kinase A (Figure S3). This kinase, as well as other members of the kinome, preferably acts on target consensus sequence presenting an Arg residue three positions upstream of the target threonine residue, i.e., precisely at the position of Arg-5 (Sarabia-Vega and Banks, 2019). The PBM of HPV16 E6 viral oncoprotein thus appears to have evolved sequence features that place it at a crossroad of four important protein families participating in the intricate, dynamic PPI network of the host organism.

PBM phosphorylation may affect not only the bound conformation, but also the free form of the motif. In the case of RSK1, we already showed that the free phosphorylated peptide adopts a transient structure in solution, where the phosphate group is involved in interactions with its preceding basic residues [START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF]. This intra-molecular interaction not only masks the strong negative charge of the phospho-residue, but also masks the site against inter-molecular interaction partners as it introduces an extra conformational selection step in the binding process. Such effects modulate both the kinetics and thermodynamics of the interaction. In the case of a phosphomimetic substitution, such transient charge-clamp interaction might not be as stable, resulting in a more accessible pseudo-phosphorylated PBM.

When Are Phosphomimetics a Lesser Evil Strategy? Here, we presented a comprehensive quantitative interactomic approach to study the global effect of a PTM and its mimetic mutant S1 for further details). 16E6 is modified at its position -2, which is involved in a bond with His530 in most class 1 PBZ/PBM complexes. Upon phosphorylation, this interaction is eliminated and only a minor contact remains possible between the His residue and the phosphate group. In the weak complexes of these modified peptides, the secondary structure of the peptide is also disturbed and the peptide seems to not adopt an optimized b strand conformation. The lower panels show the main-chain-mediated contacts (distances are given between non-hydrogen atoms). See Table S3 for statistical details of crystallographic data collection and refinement.

Structure 28, 1-13, June 2, 2020 9 alternative on the PDZome-binding profiles of two PBMs. We further refined our previously described approach, which consists in experimentally measuring the affinities of all the possible interactions within the studied PPI network. This approach allows not only to demonstrate that phosphorylation can alter some particular interactions but also to exhaustively analyze, in quantitative terms, phosphorylation-dependent dynamics of the PDZ-PBM interactome. We hope that such approaches, which address domainmotif affinities and specificities and their potential PTM-induced changes for all possible interactions, rather than for a few selected ones, will be progressively adopted by the research community.

In an in vitro experiment, the phosphomimetic approach can be avoided by using a synthetic phospho-peptide, by phosphorylating a purified protein with a kinase, or by directly incorporating phospho residues during translation [START_REF] Rogerson | Efficient genetic encoding of phosphoserine and its nonhydrolyzable analog[END_REF][START_REF] Zhu | A highly versatile expression system for the production of multiply phosphorylated proteins[END_REF]. This is more difficult to achieve in a cellular assay. One can either activate specific pathways with external stimuli or treat the cells with phosphatase inhibitors to exceed basal phosphorylation levels of the target. However neither of these strategies will result in a pure, homogeneous phospho-state. Moreover the effect will not be specific for a single PTM site, since a huge number of phosphorylation or dephosphorylation events may simultaneously hit other sites within the same protein and in other ones. Because of its ease of use, the introduction of acidic residues to replace phosphorylated Ser/Thr residues will probably remain common in cellular (and even in in vitro) assays [START_REF] Caria | Structural analysis of phosphorylation-associated interactions of human MCC with Scribble PDZ domains[END_REF][START_REF] Baliova | Phosphomimetic mutation of glycine transporter GlyT1 C-terminal PDZ binding motif inhibits its interactions with PSD95[END_REF][START_REF] Sundell | Proteome-wide analysis of phospho-regulated PDZ domain interactions[END_REF].

Our study should raise further awareness about how the chemical discrepancy between phosphorylation and phos-phomimetic substitution is prone to lead to quantitative binding discrepancies on an interactomic scale. Although a phosphomimetic substitution might be sufficient to reproduce the effect of a steric, structural clash induced by phosphorylation, it is likely to fail to imitate phosphorylation events that introduce novel interactions or even just modulate them, as exemplified here with 16E6 and RSK1, respectively. This limitation of the phosphomimetic strategy has already been stressed in other studies [START_REF] Toto | Understanding the role of phosphorylation in the binding mechanism of a PDZ domain[END_REF][START_REF] Sundell | Proteome-wide analysis of phospho-regulated PDZ domain interactions[END_REF]. In addition, one should keep in mind that each motif can have multiple interaction partners (such as various PDZ domains and 14-3-3 proteins in the case of a PBM), due to their promiscuous binding properties. Although a phosphomimetic mutation may sometimes reproduce the effect of a phosphorylation for one particular interaction, it will fail to do so for many others. After all, a carboxyl group is not chemically identical to a phosphate ester.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following: (A) The phosphorylation of RSK1 PBM (. RKLPSTTL-COOH), affecting positions -1, -2, and -3, creates a putative mode III 14-3-3 binding site. Competitive fluorescence polarization assay was used to monitor the binding of RSK1 peptides to this 14-3-3 isoform (see Figure S4 for further details). Phosphorylation of these sites indeed increases RSK1 binding affinity to the 14-3-3s isoform.

d KEY RESOURCES
(B) The consensus of mode III 14-3-3 binding motifs and PBMs share some similarities. Mode III motifs require the phosphate group at positions -1, -2, or -3 and does not allow a Pro residue immediately after the phospho-residue. Positions are numbered based on the PBM numbering scheme. Numbers in the superscript indicates the linker between the phospho-residue and the C-terminal residue.

(C) According to the limitation presented in (B), most of the phosphorylatable PBMs (modified at positions -1, -2, or -3) fit into the consensus of mode III 14-3-3 binding motifs and only some class 1 motifs, phosphorylated at their -2 position, are excluded as a potential 14-3-3 binder. Numbers in parentheses indicate the number of motifs that were found to be phosphorylated in low-or high-throughput mass spectrometry datasets. $ denotes the C terminus (-COOH).
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METHOD DETAILS 1. MBP-PDZ Library Preparation, Peptide Synthesis

We used an updated version of our original PDZome library, that contains all the human (266) PDZ domains as soluble, isolated His6-MBP-PDZ constructs. This PDZome v2 library was prepared as previously described in details [START_REF] Duhoo | High throughput production of a newly designed library of soluble human single and tandem PDZ domains allows semi-quantitative PDZ-peptide interaction screening through high throughput holdup assay[END_REF]. Briefly, His6-MBP-PDZ constructs were individually overexpressed in E. coli BL21(DE3) with an autoinduction media. The His6-MBP-PDZ concentrations of soluble cell lysate fractions were evaluated with a microfluidic capillary electrophoretic system (Caliper LabChip GXII, PerkinElmer, Waltham, Massachusetts) and were adjusted to 4 mM by dilutions.

Tandem affinity purified proteins were used for affinity measurements. His6-MBP-PDZ constructs were purified on a Ni-IDA column and they was further purified by amylose affinity chromatography. For crystallization, ANXA2-fused MAGI1_2 was captured on a Ni-IDA column, the His6 tag was removed with a TEV protease and the protein was purified by cation exchange on a HiTrap SP HP column (GE Healthcare, Chicago, Illinois).

For affinity measurements an N-terminally His6-tagged 14-3-3s (1-231) protein was used that lacked its flexible C-terminal extension. For crystallization, an engineered version of this protein was used, carrying amino acid substitutions 159KKE161 -> 159AAA161 to reduce surface entropy [START_REF] Sluchanko | Structural basis for the interaction of a human small heat shock protein with the 14-3-3 universal signaling regulator[END_REF]. Both 14-3-3 proteins were expressed in E. coli BL21(DE3) and purified by Ni-affinity chromatography and gel-filtration. In the case of the engineered isoform, the expression tag was removed with 3C protease followed by a reverse Ni-affinity purification and gel-filtration.

Peptides used for holdup experiments (16E6: biotin-ttds-SSRTRRETQL; 16E6_-2P: biotin-ttds-SSRTRREpTQL; 16E6_-2E: biotin-ttds-SSRTRREEQL; RSK1: biotin-ttds-RRVRKLPSTTL; RSK1_-3P: biotin-ttds-RRVRKLPpSTTL; RSK1_-3E: biotin-ttds-RRVRKLPETTL) and the fluorescent peptides (f16E6: fluorescein-RTRRETQL; fRSK1: fluorescein-KLPSTTL and fpRSK1: fluorescein-KLPpSTTL) were chemically synthesized on an ABI 443A synthesizer with Fmoc strategy. In all cases, the biotin group was attached to the N-terminus via a TTDS linker and fluorescein was coupled directly to the N-terminus. The pB6 peptide (WLRRAp-SAPLPGLK) was commercially purchased (Severn Biotech, Kidderminster, UK). Predicted peptide masses were confirmed by mass-spectrometry.

His6-tagged PKA (Addgene #14921) [START_REF] Narayana | Crystal structure of a polyhistidine-tagged recombinant catalytic subunit of cAMPdependent protein kinase complexed with the peptide inhibitor PKI(5-24) and adenosine[END_REF] was expressed in E. coli BL21(DE3) and was purified on a Ni-IDA column. Kinase reaction on f16E6 (800 mM) was performed in the presence of 5 mM MgCl2 and 2 mM ATP and 50 mM kinase for 3 h at room temperature. The kinase was removed from the reaction by boiling and centrifugation and the remaining peptide solution was buffer exchanged. pB6 peptide was labeled with sub-stoichiometric FITC (Sigma-Aldrich, St. Louis, Missouri) in a basic HEPES buffer (pH 8.2) and the reaction was stopped with 100 mM TRIS. The peptide was buffer exchanged in order to separate from the fluorescent contaminants.

The concentration of proteins, or peptides that contained aromatic residues were determined by their UV absorption at 280 nm. The concentration of peptide solutions which lacked aromatic residues were estimated based on the dry mass of the peptides and later confirmed by their far UV absorption (at 205 and 214 nm).

Holdup Assay

The automated holdup assay was carried out with the peptides 16E6, 16E6_-2P, 16E6_-2E, RSK1_-3P and RSK1_-3E in singlicates using a previously described protocol. (As 16E6 was used as a benchmark peptide for the new PDZome library, we measured its binding profile at least 5 times.) First, streptavidin resin was saturated with biotinylated peptides or with biotin (as a negative control). Then, the resins were depleted with an excess of biotin and were washed with a biotin-free buffer. Concentration-adjusted His6-MBP-PDZ containing cell lysates (PDZome v2 library) were incubated with the resins for a sufficient time for complex formation (30 min). The supernatant was separated from the resin by a fast filtration step, carried out by using filter plates (Millipore, Burlington, Massachusetts). PDZ concentrations were evaluated using a microcapillary electrophoretic system (Caliper; PerkinElmer, Waltham, Massachusetts) and BI values were calculated using Equation 1.

BI = I total À I depleted I total (Equation 1)
where Itotal is the total Intensity of the PDZ peak (measured by the biotin control) and Idepleted is the intensity of PDZ peak in the peptide depleted reaction. In the holdup buffer at least a single internal standard was used (BSA and/or lysozyme) for peak intensity normalization (Figure S2).

Fluorescence Polarization (FP) Assay

Fluorescence polarization was measured with a PHERAstar (BMG Labtech, Offenburg, Germany) microplate reader by using 485 ± 20 nm and 528 ± 20 nm band-pass filters (for excitation and emission, respectively). In direct FP measurements, a dilution series of the MBP-PDZ or 14-3-3 protein was prepared in 96 well plates (96 well skirted pcr plate, 4ti-0740, 4titude, Wotton, UK) in a 20 mM HEPES pH 7.5 buffer that contained 150 mM NaCl, 0.5 mM TCEP, 0,01% Tween 20 and 50 nM fluorescently-labeled peptide. The volume of the dilution series was 40 ml, which was later divided into three technical replicates of 10 ml during transferring to 384 well micro-plates (low binding microplate, 384 well, E18063G5, Greiner Bio-One, Kremsm€ unster, Austria). In total, the polarization of the probe was measured at 8 different protein concentrations (whereas one contained no protein and corresponded to the free peptide).

In competitive FP measurements, the same buffer was supplemented with the protein to achieve a complex formation of 60-80%,
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based on the titration. Then, this mixture was used for creating a dilution series of the competitor (i.e. the studied peptides) and the measurement was carried out identically as in the direct experiment. Analysis of FP experiments were carried out using ProFit, an inhouse developed, Python-based fitting program [START_REF] Simon | High throughput competitive fluorescence polarization assay reveals functional redundancy in the S100 protein family[END_REF]. The dissociation constant of the direct and competitive FP experiment was obtained by fitting the measured data with quadratic and competitive equation, respectively [START_REF] Roehrl | A general framework for development and data analysis of competitive high-throughput screens for small-molecule inhibitors of protein-protein interactions by fluorescence polarization[END_REF].

Competitive titrations in the main figures are reproduced from Figures S1 or S4 (without their direct experimental pairs) unless it is defined differently in the text.

Crystallization

The MAGI1_2 complexes were reconstituted by mixing purified the ANXA2-fused PDZ domain (135 mM) and synthetic (biotinylated) peptides in a 1:3-1:15 stoichiometric ratio, depending on the dissociation constant of the crystallized complex. 14-3-3s (300 mM) was supplemented with 16E6_-2P peptide in a 1:3 molar ratio. Crystallization conditions were screened using commercially available and in-house developed kits (Qiagen, Hampton Research, Emerald Biosystems) by the sitting-drop vapor-diffusion method in 96-well MRC 2-drop plates (SWISSCI, Neuheim, Switzerland), using a Mosquito robot (TTP Labtech, Cambridge, UK). After optimization, PDZ crystals grew rapidly in a drop made from 5 ml of protein solution and 5 ml of reservoir solution containing 20-25% polyethylene glycol 3000, 100 mM sodium citrate buffered at pH 5.5 and 100 mM trisodium-citrate at 20 C. The optimized condition of the 14-3-3s crystals consisted of 20% polyethylene glycol 3350, 0.1M Bis-tris propane buffered at pH 6.5 and 0.2 M K/Na-tartarate at 4 C. All crystals were flash-cooled in a cryoprotectant solution containing 20% glycerol and stored in liquid nitrogen. X-ray diffraction data were collected at the Synchrotron Swiss Light Source (SLS) (Switzerland) on the X06DA (PXIII) beamline and processed with the program XDS [START_REF] Kabsch | Xds[END_REF]. The crystal structure was solved by molecular replacement with a previously determined crystal structure of the same chimera (PDB ID 5N7D), or with an apo 14-3-3s structure (PDB ID 5LU2) using Phaser [START_REF] Mccoy | Phaser crystallographic software[END_REF] and structure refinement was carried out with PHENIX [START_REF] Adams | PHENIX: a comprehensive Python-based system for macromolecular structure solution[END_REF]. TLS refinement was applied during the refinement. The crystallographic parameters and the statistics of data collection and refinement are shown in Table S3. The refined model and the structure factor amplitudes have been deposited in the PDB with the accession codes 6TWQ, 6TWU, 6TWX, 6TWY and 6TWZ.

A final electron density map, along with a simulated annealing difference omit map, is shown for all the determined crystal structures in Figure S5. A crystallographic dataset was also collected at a resolution of 2.9 A ˚of an APO ANXA2-fused MAGI1_2 crystal in order to calculate isomorphous difference maps on all the PDZ-bound complexes determined in this study.

QUANTIFICATION AND STATISTICAL ANALYSIS 1. Fluorescence Polarization Assay

The reported dissociation constants and errors are the average and the standard deviations of 500 independent Monte-Carlo simulations, calculated using ProFit as described in [START_REF] Simon | High throughput competitive fluorescence polarization assay reveals functional redundancy in the S100 protein family[END_REF] 

Conversion of Holdup Binding Intensities to Dissociation Constants

Steady-state binding intensities (deduced from holdup assays) can be converted to steady-state dissociation constants using Equation 2:

K d =
ð½PDZ À BI Ã ½PDZÞ Ã ð½PBM À BI Ã ½PDZÞ BI Ã ½PDZ (Equation 2)

where [PDZ] is the total PDZ concentration (set to 4 mM in usual cases in our assays) and [PBM] is the total peptide concentration. This parameter is unknown that makes a direct and accurate conversion impossible.

To reveal this missing parameter for accurate conversion, we used the orthogonal affinity values from the fluorescence polarization assay. For each BI-Kd pairs, where both affinity measurements showed a detectable binding, we calculated an apparent peptide concentration based on Equation 2.

The calculated peptide concentrations showed a tailed distribution, with a few clear outliers in each cases. To estimate a global peptide concentration that is most compatible between every BI-Kd datasets, we performed an outlier rejection based on the absolute distances from the median (Figure 3A). Based on these criteria, we could calculate the average peptide concentration for each peptides using approximately 10 BI-Kd pairs. For the conversion of the modified 16E6 peptides, for which we lacked any reliable BI-Kd pairs, we used a peptide concentration of the average of the other peptides. We performed the conversion until the limit of detection of the holdup assay (BI = 0.1) in ' S2.

DATA AND CODE AVAILABILITY

The accession number for the crystal structure of RSK1_-3E + MAGI1_2 reported in this paper is PDB ID: 6TWY. The accession number for the crystal structure of 16E6 + MAGI1_2 reported in this paper is PDB ID: 6TWQ. The accession number for the crystal structure of 16E6_-2P + MAGI1_2 reported in this paper is PDB ID: 6TWX. The accession number for the crystal structure of 16E6_-2E + MAGI1_2 reported in this paper is PDB ID: 6TWU. The accession number for the crystal structure of 16E6_-2P + 14-3-3s reported in this paper is PDB ID: 6TWZ. Any additional data, that is not directly available in the supplement, can be requested from the authors.
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Figure 1 .

 1 Figure 1. Affinity Measurements of Phosphorylated RSK1 Peptides with PDZ Domains (A) Competitive fluorescence polarization assay was used to monitor 19 RSK interaction partners against four versions of the RSK1 PBM, native, or phosphorylated at position -1, -2, or -3. The interaction between the RSK1 and ARHGEF12 PDZ domains is shown as an example; all other data are shown in Figure S1. (B) Heatmap of the measured interactions against the different, position-specific phospho-peptides.Based on the records of reported instances on the PhosphoSitePlus database, and also supported experimentally[START_REF] Hornbeck | PhosphoSitePlus, 2014: mutations, PTMs and recalibrations[END_REF][START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF], RSK is most often modified at the -3 position and least often at the -1 position. Detectable interactions of RSK1 were modulated by phosphorylation at position -3 and -1 and were mostly eliminated by phosphorylation at position -2. The heatmap is colored by affinities, according to the scale bar on the right side.

Figure 2 .

 2 Figure 2. PDZome-Binding (BI) Profiles of the Studied PBMs, Measured by the Holdup Assay (A) The general flowchart of the holdup assay and the conversion of binding intensities into dissociation constants with the aid of competitive fluorescence polarization assays.The holdup assay generates a BI profile that can be converted into steady-state dissociation constants, if we know the approximate peptide concentration during the holdup experiment. This concentration can be estimated using dissociation constants of a small set of interactions, determined by an orthogonal approach. (B) BI profiles of the studied PBMs. Because each profile is ordered by decreasing BI values, the order of PDZ domains differs between panels. Gray dashed lines represent the conservative threshold of accurate binding quantitation by holdup assay (BI = 0.2).

Figure 3 .

 3 Figure 3. PDZome-Binding (K d ) Profiles of the Studied PBMs, Measured by the Holdup Assay (A) Determined PBM peptide concentrations in the holdup assay, based on competitive fluorescence polarization experiments. Vertical lines in the violin plot show the minimal and maximal observed peptide concentration after outlier rejection. Horizontal lines show the mean and the standard deviation of the peptide concentration after outlier rejection. The gray dashed line shows the average peptide concentration that was used to convert the 16E6_-2P, 16E6_-2E profiles. (B) Correlation of dissociation constants determined by the two orthogonal biochemical methods. (C) K d profiles of the studied PBMs. Because each profile is ordered by K d values, the order of PBZ domains differs between panels. For clarity, we omitted most of the undetected binders. Gray lines represent the limit of accurate binding quantitation by the holdup assay (BI = 0.2).

Figure 4 .

 4 Figure 4. Pairwise Rearrangements in PDZome-Binding K d Profiles of the Studied RSK1 PBMsThe PDZs are ordered by the determined foldchange (DDG) between the two compared motifs. Dashed line represents the averaged limit of accurate binding quantitation by the holdup assay (BI = 0.2; [PBM] = 27 mM; K d = 105 mM).

Figure 5 .

 5 Figure 5. Crystal Structures Show the Molecular Consequence of RSK1 Phosphorylation on MAGI1_2 PDZ Binding Isomorphous MAGI1_2-bound RSK1 peptides are shown in parallel with their affinities. Competitive fluorescence polarization assay was used to monitor the binding of RSK1 peptides to this PDZ domain (see FigureS2for further details). RSK1 is modified at its position -3, facing Lys499 of MAGI1. The interaction between these residues remains possible, independently of the presence of the phosphorylation or the mutation. The crystal structures of MAGI1_2, bound to RSK1 (left panel) and RSK1_-3P (middle panel) were solved in our previous work (PDB: 5N7D and 5N7F)[START_REF] Go ´gl | Dynamic control of RSK complexes by phosphoswitch-based regulation[END_REF]. See TableS3for statistical details about crystallographic data collection and refinement.

Figure 6 .

 6 Figure 6. Pairwise Rearrangements in PDZome-Binding K d Profiles of the Studied 16E6 PBMs

Figure 7 .

 7 Figure 7. Crystal Structures Show the Molecular Consequence of 16E6 Phosphorylation on MAGI1_2 PDZ Binding Isomorphous MAGI1_2-bound 16E6 peptides are shown in parallel with their affinities. Competitive fluorescence polarization assay was used to monitor the binding of 16E6 peptides to this PDZ domain (see Figure S1 for further details).16E6 is modified at its position -2, which is involved in a bond with His530 in most class 1 PBZ/PBM complexes. Upon phosphorylation, this interaction is eliminated and only a minor contact remains possible between the His residue and the phosphate group. In the weak complexes of these modified peptides, the secondary structure of the peptide is also disturbed and the peptide seems to not adopt an optimized b strand conformation. The lower panels show the main-chain-mediated contacts (distances are given between non-hydrogen atoms). See TableS3for statistical details of crystallographic data collection and refinement.

Figure 8 .

 8 Figure 8. Phosphorylated PBMs Are Potential 14-3-3 Binding Partners

B 3 .

 3 Fluorescence Polarization (FP) Assay B 4. Crystallization d QUANTIFICATION AND STATISTICAL ANALYSIS B 1. Fluorescence Polarization Assay B 2. Conversion of Holdup Binding Intensities to Dissociation Constants d DATA AND CODE AVAILABILITY SUPPLEMENTAL INFORMATION Supplemental Information can be found online at https://doi.org/10.1016/j.str. 2020.03.010.

  

Table 1 .

 1 Ser/Thr Phosphorylatable PBMs: Summary of Our Bioinformatic Analysis of Human PBMs

		Class 1 PBM		Class 2 PBM		Class 3 PBM		All 3 Classes
			No. of		No. of		No. of		
		Consensus	Motifs	Consensus	Motifs	Consensus	Motifs	No. of Motifs
		[ST]x[LVI]$	956	[VYF]x[LVI]$	458	[ED]x[LVI]$	512		
								1926	
		Phosphorylatable		Phosphorylatable		Phosphorylatable			
		Class 1 PBM		Class 2 PBM		Class 3 PBM		All 3 Classes
	Position of		No. of		No. of		No. of	No. of	
	Modification	Consensus	Motifs	Consensus	Motifs	Consensus	Motifs	Motifs	% of Total
	-1	[ST][ST][LVI]$	172 (43)	[VYF][ST][LVI]$	73 (13)	[ED][ST][LVI]$	59 (15)	304	15.8
	-2	[ST]x[LVI]$	956 (113)	not phosphorylatable by Ser/Thr kinases		956	49.6
	-3	[ST][ST]x[LVI]$	138 (12)	[ST][VYF]x[LVI]$	80 (13)	[ST][ED]x[LVI]$	63 (9)	281	14.6
	-4	[ST]x[ST]x[LVI]$	134 (18)	[ST]x[VYF]x[LVI]$	56 (5)	[ST]x[ED]x[LVI]$	64 (13)	254	13.2
	-5	[ST]x(2)[ST]x[LVI]$	144 (26)	[ST]x(2)[VYF]x[LVI]$	59 (8)	[ST]x(2)[ED]x[LVI]$	57 (13)	260	13.5
	-6	[ST]x(3)[ST]x[LVI]$	165 (29)	[ST]x(3)[VYF]x[LVI]$	65 (10)	[ST]x(3)[ED]x[LVI]$	67 (14)	297	15.4
	-7	[ST]x(4)[ST]x[LVI]$	138 (24)	[ST]x(4)[VYF]x[LVI]$	57 (14)	[ST]x(4)[ED]x[LVI]$	70 (14)	265	13.8
	-8	[ST]x(5)[ST]x[LVI]$	120 (24)	[ST]x(5)[VYF]x[LVI]$	65 (12)	[ST]x(5)[ED]x[LVI]$	76 (15)	261	13.6
	-9	[ST]x(6)[ST]x[LVI]$	137 (33)	[ST]x(6)[VYF]x[LVI]$	37 (6)	[ST]x(6)[ED]x[LVI]$	56 (9)	230	11.9
	-10	[ST]x(7)[ST]x[LVI]$	123 (26)	[ST]x(7)[VYF]x[LVI]$	50 (9)	[ST]x(7)[ED]x[LVI]$	71 (16)	244	12.7
	No. of phosphorylatable motifs	956		291		331	1,578	81.9
	No. of phosphorylated motifs	218		65		92	375	19.5
	No. of phosphorylatable sites	2,227		542		583	3,352	
	No. of phosphorylated sites	348		90		118	556	

TABLE d

 d LEAD CONTACT AND MATERIALS AVAILABILITY d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS B 1. MBP-PDZ Library Preparation, Peptide Synthesis B 2. Holdup Assay
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PDB ID: 5N7D Crystal structure of RSK1_-3P + MAGI1_2 (Go ´gl et al., 2018) PDB ID: 5N7F Crystal structure of RSK1_-3E + MAGI1_2 This paper PDB ID: 6TWY Crystal structure of 16E6 + MAGI1_2 This paper PDB ID: 6TWQ Crystal structure of 16E6_-2P + MAGI1_2 This paper PDB ID: 6TWX Crystal structure of 16E6_-2E + MAGI1_2 This paper PDB ID: 6TWU Crystal structure of 16E6_-2P + 14-3-3s This paper PDB ID: 6TWZ
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Gergo Gogl (goglg@igbmc.fr). The study did not generate new unique reagents.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study focused on human proteins and peptides, expressed in E. coli BL21(DE3) or synthesized chemically.