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Three-dimensional structure of rhodopsin [PDB:1JFP], a G-protein coupled receptor found in retina rods. The C-terminus of rhodopsin mediates the interaction with distinct protein partners, such as Tctex-1 and arrestin. The latter binds to rhodopsin C-terminus in a phosporylation-depedent manner (phosphorylated residues are depicted in orange). Interestingly, this region also contains retinitis pigmentosa mutation sites (residues highlighted in blue) [MIM:613731], which are known to hamper the interaction ability of rhodopsin.
Figure by Allegra Via

Protein phosphorylation is one of the most abundant reversible post-translational modifications in eukaryotes. It is involved in virtually all cellular processes by regulating protein function, localization and stability and by mediating protein-protein interactions. Furthermore, aberrant protein phosphorylation is implicated in the onset and progression of human diseases such as cancer and neurodegenerative disorders.

In the last years, tens of thousands of in vivo phosphorylation events have been identified by large-scale quantitative phospho-proteomics experiment suggesting that a large fraction of the proteome might be regulated by phosphorylation. This data explosion is increasingly enabling the development of computational approaches, often combined with experimental validation, aiming at prioritizing phosphosites and assessing their functional relevance. Some computational approaches also address the inference of specificity determinants of protein kinases/phosphatases and the identification of phosphoresidue recognition domains. In this context, several challenging issues are still open regarding phosphorylation, including a better understanding of the interplay between phosphorylation and allosteric regulation, agents and mechanisms disrupting or promoting abnormal phosphorylation in diseases, the identification and modulation of novel phosphorylation inhibitors, and so forth. Furthermore, the determinants of kinase and phosphatase recognition and binding specificity are still unknown in several cases, as well as the impact of disease mutations on phosphorylation-mediated signaling.

The articles included in this Research Topic illustrate the very diverse aspects of phosphorylation, ranging from structural changes induced by phosphorylation to the peculiarities of phosphosite evolution. Some also provide a glimpse into the huge complexity of phosphorylation networks and pathways in health and disease, and underscore that a deeper knowledge of such processes is essential to identify disease biomarkers, on one hand, and design more effective therapeutic strategies, on the other.
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The paramount relevance of protein phosphorylation in health and disease motivated us to gather several contributions from experts working in this area in order to portray the recent developments in the field. Our effort and the effort of 54 authors with their 12 contributions gave rise to this Research Topic, which represents a valuable forum where phosphorylation is discussed from different angles, including bioinformatics approaches and experimental methods that are currently used to decipher the complex mechanisms underlying this bewitching post-translational modification (PTM). The articles collected in this Research Topic illustrate very diverse aspects of phosphorylation, such as its biological effects and induced structural changes, the role of kinases and phosphatases as therapeutic targets, the use of phosphorylation profiles as biomarkers, how phosphorylation dys-regulation may cause disease, and more.

Nishi et al. (2014), in their extensive review of the representative studies on the biological effects of phosphorylation, show that a general mechanism of regulation by phosphorylation does not exist. Indeed, phosphorylation may serve as recognition/binding site or trigger allosteric effects inducing local structural changes, which may propagate into larger structure rearrangements. Some nice examples of the biological consequences of protein phosphorylation in physiological and disease states are described in two articles of this Research Topic.

The Hsp27 protein (coded by the HSPB1 gene) is a chaperone that is aberrantly expressed in many types of tumors and represents a promising drug target (Acunzo et al., 2014). Phosphorylation of serine residues affects the oligomerization state of Hsp27, favoring the recruitment of different client proteins involved in distinct cellular functions (Katsogiannou et al., 2014a). Katsogiannou et al. (2014b) suggest that better understanding Hsp27 phosphorylation dynamics in cancer may help improve existing and/or develop new therapies.

Amata et al. (2014) report the interesting case of the role of phosphorylation events in the Unique domain of Src family kinases (SFKs). This domain, an intrinsically disordered region little conserved across the family and linking the kinase to its membrane-anchoring domain, is stubbed with phosphosites involved in multilevel regulation of SFKs, including, among others, anchoring to the lipid membrane.

These examples hint at the high complexity of the cellular networks regulated by phosphorylation. Kinases and phosphatases can be also regulated by phosphorylation and most of signal transduction pathways involve cascades of phosphorylation and de-phosphorylation events. This scenario should give the reader a glimpse of the consequences on entire pathways of the abolition or stimulation of phosphorylation caused, for instance, by mutational events. In this context, the development of experimental and computational methods aimed at understanding the mechanisms of specificity and functioning of kinase and phosphatase repertoires is becoming increasingly relevant.

A comprehensive review (Newman et al., 2014) presents a broad picture on well established and emerging experimental methods that are providing new insights on the organization and regulation of phosphorylation networks. Thanks to these approaches, thousands of phosphorylation events have been identified in distinct cellular conditions. Importantly, these technological advances are stimulating the development of computational models to gain a systems-level understanding of phosphorylation maps (e.g., Linding et al., 2007; Song et al., 2012; Newman et al., 2013).

A full comprehension of such maps requires the elucidation of the molecular determinants of substrate recognition. The review of Palmeri and collaborators summarizes the current knowledge on kinase-substrate specificity (Palmeri et al., 2014), arguing that only the combination of different sources of contextual information will provide new insights into the molecular determinants of kinase specificity and improve the performance of kinase-substrate interaction prediction tools.

The understanding of kinase specificity is also particularly relevant for the identification, design and development of compounds modulating the kinase activity. In this context, reliable computational methods for kinase/inhibitor inference and analyses would play a crucial role. As pointed out by Ferrè et al. (2014), such methods are being successfully developed and applied to the whole kinome thanks to the increasing amount of homogeneous data provided by high-throughput profiling studies.

Most inhibition screenings focus on compounds able to bind the kinase catalytic site. However, on one hand, targeting the catalytic site lacks specificity and, on the other, the modulation of kinase activity can be achieved also through alternative routes. An illustrative example, is presented by Gonfloni in a perspective article reviewing the current knowledge of c-Abl regulation by allosteric compounds, such as GNF-2 (Gonfloni, 2014). The author proposes that the use of current and novel allosteric activators will elucidate the role of c-Abl regulation in cancer and neurodegenerative disorder signaling pathways.

This example suggests that rational drug design would tremendously benefit from a better comprehension of kinase conformational changes and flexibility. Whilst experimental techniques able to accurately describe such phenomena are still under development, computational methods for the study of kinase conformational transitions—especially Atomistic Molecular Dynamics (MD)—demonstrated to be of great help. In their minireview, D'Abramo et al. (2014) highlight that, since kinase conformational switches from inactive to active states occur on long time-scales, enhanced sampling techniques and brute-force approaches are being developed and successfully applied to rational drug design in a growing number of cases.

Despite phosphatases are key players in phosphorylation networks, they caught less attention than kinases as drug targets and the identification of phosphatase physiological substrates is still an open challenge (Brautigan, 2013).

In order to tackle this problem, Sacco and colleagues (Sacco et al., 2014), in their original research article, present computational an integrative approach combining functional siRNA information (Sacco et al., 2012), interaction discovery experiments and network analyses to identify phosphatase substrates and potential scaffolds proteins that could mediate substrate recognition. Their strategy was able to recover known as well as novel phosphatase substrates/scaffolds, some of which were further validated.

The growing knowledge of phosphatases and their substrates is expanding the interest of the scientific community in these enzymes as potential therapeutic targets in order to modulate dys-regulated phosphorylation levels of disease proteins. One example is provided by Taymans and Baekelandt (2014) who review phosphorylation dys-regulation in the three main proteins linked to Parkinson Disease: alpha-synuclein, Leucine-rich repeat kinase type 2 (LRRK2), and microtubule associate protein tau (tau). They analyze the feasibility of targeting their phosphatases as a potential therapy for Parkinsonism.

Together with the study of kinases and phosphatases, the analysis of phosphorylation profiles is also important in developing therapies or biomarkers for phosphorylation-related diseases.

In an original research article, Robertson and colleagues (Robertson et al., 2014) describe an integrative approach to study the honeybee (Apis mellifera) kinome with the aim of detecting differences in phosphorylation profiles between bees with differential susceptibility to Varroa mite infestation at different developmental stages. They found that many peptides are differentially phosphorylated between the two phenotypes and bioinformatics analyses showed clear differences between resistant and susceptible phenotypes.

The evolution of PTMs and phosphorylation in particular, is another key aspect of the story. In a minireview, Landry et al. (2014) present recent evidences suggesting that clusters of sites rather than individual sites represent functional units evolving under stabilizing selection. Nevertheless, more experimental studies are needed to test whether the stabilizing selection model applies to phosphosite clusters.

With the multifaceted description of protein phosphorylation presented in this Research Topic, we hope we provided the readers with a taste of the huge complexity of phosphorylation networks and pathways and convinced them that a deeper knowledge of the interplay between kinases, phosphatases and their substrates is essential in the quest for new disease biomarkers and novel therapeutic targets.

Finally, we would like to thank all the authors for their pivotal contribution to this Research Topic, as well as the 25 peers that acted as review editors and the Frontiers in Genetics Editorial Office staff members for their support.
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Phosphorylation offers a dynamic way to regulate protein activity and subcellular localization, which is achieved through its reversibility and fast kinetics. Adding or removing a dianionic phosphate group somewhere on a protein often changes the protein’s structural properties, its stability and dynamics. Moreover, the majority of signaling pathways involve an extensive set of protein–protein interactions, and phosphorylation can be used to regulate and modulate protein–protein binding. Losses of phosphorylation sites, as a result of disease mutations, might disrupt protein binding and deregulate signal transduction. In this paper we focus on the effects of phosphorylation on protein stability, dynamics, and binding. We describe several physico-chemical mechanisms of protein regulation through phosphorylation and pay particular attention to phosphorylation in protein complexes and phosphorylation in the context of disorder–order and order–disorder transitions. Finally we assess the role of multiple phosphorylation sites in a protein molecule, their possible cooperativity and function.

Keywords: protein phosphorylation, protein–protein interactions, allosteric regulation, protein disorder, multisite phosphorylation

INTRODUCTION

Cellular regulatory mechanisms provide a sensitive, specific, and robust response to external stimuli and posttranslational modifications (PTMs) play an important role in these mechanisms and control protein activity, subcellular localization, and stability (Olsen et al., 2006). Such dynamic regulation is achieved through reversibility and fast kinetics of PTMs. Recent phosphoproteomic analyses have revealed that the majority of proteins in a mammalian cell are phosphorylated (Olsen et al., 2010). In eukaryotes phosphoryl group can be attached to serine, threonine, and tyrosine residues and in prokaryotes the most commonly phosphorylated residues are histidine and aspartic acid. While majority of phospho complexes in human contain only few phosphorylation sites, some proteins have up to half of their serine, threonine, and tyrosine sites phosphorylated (Nishi et al., 2011). Overall, phosphorylated serines are the most abundant (86%), followed by threonine (12%), and tyrosine phosphorylations (2%; Olsen et al., 2006). The abundance and specificity of phosphorylation as regulatory mechanism is evident from the large number of genes (more than 500) encoding protein kinases which constitute almost 2% of human protein coding genes (Manning et al., 2002). The number of phosphatases is almost ten times smaller.

In this paper we summarize biological effects of phosphorylation which are explained through the lens of structural and dynamical changes. Below we will review a number of representative studies of computer simulations of the effects of phosphorylation on protein dynamics and stability together with experimental techniques to reveal the details and underlying mechanisms of phosphorylation events at atomistic scale.

EFFECT OF PHOSPHORYLATION ON STRUCTURE AND DYNAMICS

STRUCTURAL CONSEQUENCES OF PHOSPHORYLATION

Phosphoryl group is dianionic at physiological pH and can form extensive hydrogen bond networks and salt bridges with neighboring residues of the same or different chains. One of the most dominant modes of interactions between phosphoryl and other residues is the interaction with the α-helical dipole at the C-terminal main chain nitrogen to neutralize the combined effect of carbonyl dipoles (Johnson and Lewis, 2001). Another common mode of interaction is the formation of hydrogen bonds and salt bridges between the phosphate oxygens and arginine or lysine side chains. Arginine side chain usually makes stronger salt bridges with phosphorylated side chains compared to lysine whereas phosphoserine (pSer) hydrogen-bond acceptor forms more stable interactions than phosphoaspartate (pAsp) acceptor (Mandell et al., 2007). Although the strength of hydrogen bonds in general should depend on the phosphate protonation state, the latter effect was shown to be rather subtle (Mandell et al., 2007) with a more pronounced effect of protonation state on pAsp than on pSer. All things considered, adding or removing a dianionic phosphate group in a protein might considerably change its local physico-chemical properties and affect stability, kinetics, and dynamics (Johnson, 2009).

Analyses of phosphorylation in different proteins revealed the diversity and heterogeneity of its effects on protein structure (Zanzoni et al., 2011), phosphorylation can impact protein structure at local as well as global levels. A recent large-scale study compared the sets of phosphorylated and unphosphorylated protein structures and showed that phosphorylation produced local as well as global changes in structure (Xin and Radivojac, 2012). Structural changes produced by phosphorylation were the highest among other PTMs. However, according to this study, only 13% of proteins exhibited the root mean square deviation (RMSD) of 2 Å or higher between phosphorylated and unphosphorylated forms and it has been argued that phosphorylation in many cases might restrict the conformational flexibility of protein monomers (Xin and Radivojac, 2012; Li et al., 2013).

There were several attempts to predict structural rearrangements induced by phosphorylation or dephosphorylation events. Although accurate predictions could be made only for a few cases, such analyses allowed to pinpoint the underlying mechanisms which govern the transitions between phosphorylated and unphosphorylated states. For example, by in silico phosphorylating several proteins and evaluating their conformations by OPLS-AA (all atom Optimized Potentials for Liquid Simulations) force field and a Generalized Born implicit solvent model, it was shown that structures of phosphorylated regions and conformational changes induced by phosphorylation could be predicted in some cases with near-atomic accuracy compared to the actual phosphorylated conformations (Groban et al., 2006). In another study a coarse-grained model was applied to sample the conformations of nuclear factor of activated T cells (NFAT) which was phosphorylated at multiple sites. It was found that predicted changes produced by phosphorylation differed between cytoplasmic and nuclear forms of NFAT and were driven mostly by electrostatic and solvation energy contributions (Shen et al., 2005). Several cases of the effects of phosphorylation on structure and dynamics are reviewed in Table 1.

TABLE 1. Selected examples demonstrating the mechanisms of phosphorylation on protein structure, stability, and dynamics.

[image: image]

COUPLING BETWEEN PHOSPHORYLATION AND PROLINE ISOMERIZATION

Interestingly, phosphorylation might not induce the structural change by itself but rather may serve as a recognition site for an enzyme which catalyzes the conformational switch. A classical example of such mechanism is proline-directed phosphorylation which occurs on serine or threonine residues preceding proline (Lu et al., 2002). This mechanism of regulation involves specific peptidyl–prolyl cis/trans isomerase Pin1 (Lu et al., 1996) which recognizes phosphorylated Ser/Thr-Pro motif and catalyzes cis/trans isomerization of phosphorylated Ser/Thr-Pro bonds. Phosphorylation dramatically slows down the uncatalyzed isomerization rate of Ser/Thr-Pro bonds, while rendering them inappropriate for the action of general peptidyl–prolyl cis/trans isomerases (Yaffe et al., 1997). This complex interplay of changes introduced by phosphorylation in relation to isomerization may affect dynamics and reaction kinetics of processes involved in timing and duration of cellular response. With the help of accelerated molecular dynamics (MD) simulations, it was elegantly demonstrated in molecular details how serine phosphorylation in Ser-Pro motifs may shift the equilibrium between cis and trans proline isoforms and consequently slow down the rate of isomerization (Hamelberg et al., 2005). The authors found that isomerization of the omega-bond of proline is asymmetric and strongly depends on the psi-backbone angle of proline whereas phosphorylation might favor the α-helical backbone conformation.

ALLOSTERIC REGULATION BY PHOSPHORYLATION AND DISORDER

Phosphorylation may trigger the transitions between conformations with different activity and/or binding specificity leading to activation or deactivation of a protein (Dou et al., 2012; Kales et al., 2012). It can play a role of covalently attached allosteric effector which induces local changes at first which may propagate thereafter into larger tertiary or quaternary structure rearrangements (Nussinov et al., 2012). One of the classical examples of a protein with large conformational changes produced by phosphorylation is glycogen phosphorylase which exists as a homodimer in inactive T state and as a tetramer in an active R state. This transition is allosterically controlled by phosphorylation of only one residue Ser14 (Johnson, 1992). Catalytic sites of glycogen phosphorylase are buried and are not solvent accessible in inactive form. Phosphorylation of Ser14 leads to large conformational movements displacing protein N-terminal region by almost 50 Å so that some intrachain contacts of Ser14 can be replaced with the contacts between pSer14 and arginine of another identical chain in a homodimer. The change in a dimer binding mode causes reconfiguration of the catalytic site and a subsequent activation of glycogen phosphorylase. Recently the model was proposed which tried to explain the allosteric coupling between phosphorylation and allostery (Mitternacht and Berezovsky, 2011). In the case of glycogen phosphorylase the authors found that the active sites had very high allosteric coupling via so-called binding leverage mechanism with those sites where the unphosphorylated N-terminal segment binds.

Another two examples illustrate the mechanism of allosteric regulation of protein activity through the coupled interplay between phosphorylation and disorder–order transitions. Activation of myosin in smooth muscle depends on the phosphorylation of regulatory light chain (RLC). In the unphosphorylated state myosin is auto-inhibited by interactions between the two catalytic domains, while phosphorylation of RLC at Ser19, which is rather distant from catalytic domain, disrupts these interactions and relieves the inhibition (Sellers, 1985). The complete mechanism by which phosphorylation of RLC activates myosin is still not known, but a series of combined experimental (EPR, TR-FRET) and MD studies were able to elucidate first steps in a cascade of conformational transitions (Nelson et al., 2005; Espinoza-Fonseca et al., 2007, 2008; Kast et al., 2010). In particular, upon phosphorylation little change in the direct vicinity of phosphorylation site is seen, while the α-helical content in region Lys11–Ala17 increases dramatically. This finding revealed a disorder–order transition induced by phosphorylation, and corroborates published experimental data on site-directed spin labeling (Nelson et al., 2005). The thermodynamic and structural basis of this phosphorylation-induced disorder–order transitions were further studied (Espinoza-Fonseca et al., 2008) and revealed a delicate balance between the gain in enthalpy due to electrostatic interactions and loss in entropy due to constraining the conformational dynamics of positively charged residues upon phosphorylation.

An interesting mechanism where phosphorylation inhibits disorder–order transition was reported for myelin basic protein (MBP), which includes a proline rich peptide containing two Thr-Pro motifs (-TPRTPPPS-) and an adjacent amphipathic a-helix which can bind to membrane (Vassall et al., 2013). Both Thr-Pro motifs can be phosphorylated by mitogen-activated protein kinases. Using a combination of NMR spectroscopy, circular dichroism spectroscopy, trifluoroethanol-titration and MD simulations the authors investigated the structure of α-helical and proline-rich regions and the effects of phosphorylation on their conformation. It was found that phosphorylation on one or both sites impedes the formation of the neighboring amphipathic α-helix. This supports the hypothesis that structure of the membrane anchoring α-helix is disrupted upon phosphorylation and thus regulates the association of MBP with the membrane. In addition, the proline-rich region may adopt PPII structure near the lipid interface when the MPB is anchored to the membrane via amphipathic helix.

PHOSPHORYLATION IN PROTEIN–PROTEIN BINDING

PHOSPHORYLATION ON INTERFACES MODULATES PROTEIN–PROTEIN BINDING

Many cellular control mechanisms operate at the level of protein–protein interactions, and main signaling pathways involve dense networks of protein–protein interactions and phosphorylation events. Phosphorylation may not only trigger the transitions between different conformation states of one protein but in some cases may modulate transitions between different conformations or oligomeric states in homooligomeric and heterooligomeric complexes and might represent an important mechanism for regulation of protein activity (Randez-Gil et al., 1998; Jia-Lin Ma and Stern, 2008; Hashimoto et al., 2011). Recently Nishi et al. performed a comprehensive analysis of phosphorylation sites on protein–protein binding interfaces (Nishi et al., 2011). They mapped experimentally identified phosphorylation sites onto crystal structures of human homo- and hetero-oligomers and showed that protein interfaces of transient homo- and hetero-oligomers are statistically enriched with phosphorylation sites compared to non-interfacial protein surface sites. The authors found that changes in binding affinity produced by substitutions at phosphorylation sites on binding interfaces of heterooligomers are larger compared to other sites on interfaces. In addition, consistent with the observation that phosphosites may frequently target binding hot spots, significant association between phosphosites and binding hotspots was observed (binding hot spots were defined if substitutions of residues in these sites into alanine considerably destabilizes the complex by more than 2 kcal/mol; Bogan and Thorn, 1998; Nishi et al., 2011).

Calculation of binding energy differences upon phosphorylation showed that the majority of phosphorylation events did not affect protein–protein binding (Nishi et al., 2011). It was consistent with several experimental studies pointing to the modest effect of phosphorylation on protein stability (Murray et al., 1998; Serber and Ferrell, 2007). Even if phosphorylation does not affect complex stability, it can provide diversity in recognition patterns and offer recognition sites for binding of phosphoresidue binding domains thereby modulating binding selectivity. Phosphoresidue-binding domains are common functional modules distributed widely among cellular signaling proteins. Numerous studies have identified and investigated phosphoresidue binding domains in various proteins (Via et al., 2011; Reinhardt and Yaffe, 2013) such as SH2 and PTB domains for phosphotyrosine (Pawson et al., 2001), 14-3-3 domains for phosphorserine (Yaffe et al., 1997), and FHA domains for phosphothreonine (Durocher et al., 2000). Usually these domains contain arginine or lysine residues in their binding regions to form hydrogen bonds with phosphates, and may have neighboring residues (e.g., hydrophobic residues for phosphotyrosine) which help to recognize phosphorylated site, or any specific residues in the binding motifs (Liang and Van Doren, 2008; Johnson et al., 2010). Several cases of the effects of phosphorylation on protein–protein binding are reviewed in Table 1.

REGULATION OF BINDING BY DISORDER–ORDER AND ORDER–DISORDER TRANSITIONS UPON PHOSPHORYLATION

Many proteins and protein regions are intrinsically disordered under native conditions, namely, they contain no or very little well-defined structure. Folding of disordered proteins into ordered structures may occur upon binding to their specific partners which in turn might provide high specificity even if binding affinity is low (Wright and Dyson, 1999; Sugase et al., 2007). On the other hand, a number of experimental studies on p53 (Scheinin et al., 1990), cystic fibrosis transmembrane-conductance regulator (CFTR; Bozoky et al., 2013), p27 (Yoon et al., 2012), and other proteins (Johnson, 2009) have shown that disordered regions often contain phosphorylation sites and (de)phosphorylation events can be coupled to disorder–order transitions. The first systematic study was performed on a large set of proteins trying to link disordered regions with the locations of experimental phosphorylation sites. This study found that intrinsically disordered regions were enriched in phosphorylation sites (Iakoucheva et al., 2004). Moreover, protein N- and C-terminal regions which are usually disordered often participate in binding to other proteins (Fong and Panchenko, 2010) and there are many cases where terminal regions contain multiple phosphorylation sites (Chacko et al., 2001). Functional diversity of disordered regions and their propensity for PTMs allow them to play a unique role in signaling networks where phosphorylation events might serve as switches and regulate binding events. In some cases, as was shown in the previous section, the regulation of binding might happen without invoking disordered regions while in others the regulatory mechanism might involve phosphorylation as well as disorder–order or order–disorder transitions.

Before describing specific cases of proteins involving the coupling between disorder, phosphorylation and binding, we would like to describe several studies which tried to generalize fundamental principles of such coupling in many different proteins. Mohan et al. analyzed relatively short (10–70 residues) segments called MoRFs (molecular recognition features) contained within longer disordered sequences that were structurally characterized in a complex with a larger protein (Mohan et al., 2006). It was assumed that MoRFs may undergo folding upon binding but would be disordered in their unbound state. The authors of this study applied DISorder-enhanced PHOSphorylation predictor (DisPhos) to MoRF regions and found that in 305 MoRFs of more than 12 residues long, 159 of them had potential phosphorylation sites, suggesting that phosphorylation may be a common mechanism to modulate binding. Later, another group studied an association between phosphorylation and disordered binding regions in human protein complexes using experimentally identified phosphorylation sites and disorder prediction methods (Nishi et al., 2013). They showed that disordered interface residues (corresponding to sites disordered in unbound states and structured in the complex) had the highest fraction of phosphorylation sites (25%) compared to ordered interface (8%) or disordered non-interface (18%) residues, suggesting a strong association between phosphorylation and disordered interface residues. Disorder and interfacial location were significantly linked to phosphorylation of serine and to a lesser extent to phosphorylation of threonine. Tyrosine phosphorylation was not found to be directly associated with binding through disorder, and was often observed in ordered interface regions which were not predicted to be disordered in the unbound state. The fractions of phosphorylated Ser, Thr, and Tyr in disordered interfaces were 59, 26, and 15%, respectively, and were found to be quite different from those of structured interface (28, 22, and 50%; Nishi et al., 2013).

While in many disorder-involving transitions phosphorylated residues may directly regulate binding orthosterically, this is not necessarily the case. Centromere protein T (CENP-T) is an essential component of the inner kinetochore and consists of N-terminal disordered region and C-terminal histone-fold domain. The long disordered region is employed to bind to outer kinetochore complexes, namely, to Spc24/Spc25 subunits of Ndc80 complex (Gascoigne et al., 2011; Nishino et al., 2013). Nishino et al. (2013) revealed that phosphorylation on Thr72 of chicken CENP-T is crucial for its binding to Spc24/Spc25. The X-ray crystal structure of a complex between CENP and Spc24/Spc25 showed that binding segment comprising residues 63–93 contains two short helices, and Thr72 is located on a loop between these two helices. Interestingly, site-directed phosphomimicking mutagenesis experiments showed that Thr72Asp mutant forms a salt bridge with Arg74 on the second helix facilitating the orientation of hydrophobic residues on the second helix toward the hydrophobic patch on Spc25 partner. As a consequence, it enhances an interaction between CENP-T and Spc24/Spc25 (Figure 1). In addition, this phosphorylation site and salt bridge are conserved in many eukaryotic species which suggests that this mechanism is widespread for the CENP-T regulation. This example shows that phosphorylated residue can be critical for the complex formation through disorder even if it is located far away from the binding interface.
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FIGURE 1. Phosphorylation and disorder–order transition. CENP-T-Spc24/Spc25 complex (PDBID: 3VZA). CENP-T, Spc24, and Spc25 are colored in pink, green, and blue, respectively. CENP-T has an N-terminal disordered region (shown in the dashed line) which folds when it binds to Spc24/Spc25. Phosphomimetic Thr72Asp mutant forms a salt bridge with Arg74 (shown in stick models), which enhances an interaction between CENP-T and Spc24/Spc25.



MULTIPLE SITE PHOSPHORYLATION

DISTRIBUTION AND FUNCTION OF MULTIPLE PHOSPHORYLATION SITES IN PROTEINS

Single protein may contain multiple phosphorylation sites. Multisite phosphorylation can expand the patterns of regulation, give more accurate modulation of conformational change (Kumar et al., 2012) and cooperatively increase binding affinity to other proteins (Ferreon et al., 2009). Large scale analyses revealed that multiple phosphorylation sites are not distributed randomly, but are often clustered on a protein (Li et al., 2009; Schweiger and Linial, 2010; Freschi et al., 2014). Namely 54% of all pSer/pThr sites are located within four residues of each other, while the tendency to form clusters is not very pronounced for pTyr sites. Clustered pSer/pThr sites are usually phosphorylated by the same kinase and clustered Ser/Thr prefer to be located in disordered regions compared to non-clustered Ser/Thr (Schweiger and Linial, 2010). Moreover, evolutionary clustered sites are 1.4 times more likely to be phosphorylated by the same kinases than expected by chance (Freschi et al., 2014).

Retinoblastoma protein (Rb) is one of the classical examples of a protein which has multiple phosphorylation sites and concerted phosphorylation patterns with very specific functional roles. Rb contains RbN, pocket, and RbC domains together with 13 different Ser/Thr phosphorylation sites that are phosphorylated by Cdk kinases. Phosphorylation sites are roughly grouped into eight clusters which mostly reside in flexible loop regions between structured regions or domains, and mediate domain–domain, domain–loop, and protein–protein interactions (Hassler et al., 2007; Burke et al., 2012). For example, Thr373 is located at the end of a flexible loop between RbN and pocket domains which do not interact if this residue is not phosphorylated. Phosphorylation of Thr373 induces large conformational changes and, as a consequence, an interaction between RbN and pocket domains, which allosterically inhibits binding of transactivation domain of E2F transcription factor (E2FTD) to the pocket domain (Burke et al., 2012; Figure 2A). Meanwhile, phosphorylation on Ser608 and Ser612 directly and orthosterically inhibits binding of E2FTD to the pocket. This mechanism involves a competitive binding between E2FTD and Ser608/Ser612 containing loop, namely, pSer608 stabilizes the association with the binding cleft, thereby mimicking and competing with E2FTD (Burke et al., 2010; Figure 2A). A recent study showed that phosphorylation of Ser788 and Ser795 may also cause the inhibition of E2FTD binding to the pocket by inducing the association between RbC and the pocket domain (Burke et al., 2014). This phosphorylation is additive with the effect of other preceding phosphorylations in inhibiting E2FTD binding, demonstrating separate regulatory mechanisms by different phosphorylation site clusters.


[image: image]

FIGURE 2. Regulation of multisite phosphorylation. (A) A phosphorylated model of Rb constructed based on 4ELJ and 4ELL PDB structures [as described in the previous paper (Rubin, 2013)]. Thr373 phosphorylation (shown in sphere model) induces the association between RbN (gray) and Pocket (blue) whereas Ser608 phosphorylation (shown in sphere model) allows an intra-domain loop (cyan) to directly bind to the cleft. (B) A model of the cyclin–Cdk–Cks1 complex with the relevant substrate peptide constructed based on 1BUH, 2CCI, and 4LPA PDB structures [as described in the previous paper (Koivomagi et al., 2013)]. Cyclin, Cdk, Cks1, and the peptide are colored in red, orange, green, and blue, respectively. Phosphorylated Thr at the priming phosphorylation site and Ser at the secondary phosphorylation sites are shown in sphere models. Structural superposition and model building was performed with Pymol.



MECHANISMS OF MULTIPLE PHOSPHOSITE PROCESSING

Processes of (de)phosphorylation on multiple sites can be classified by the order of (de)phosphorylation events, which can be sequential or random. In sequential phosphorylation sites are phosphorylated in a strict order of events where phosphorylation of one site depends on the phosphorylation state of another. Sequential phosphorylation has been observed for several kinases, especially Ser/Thr kinases (Salazar and Hofer, 2009). In contrast, random phosphorylation does not require the strict order of phosphorylation events. Kinetics of (de)phosphorylation can be distinguished by the number of binding events of kinases or phosphatases. A kinase may phosphorylate all sites while staying bound to the substrate (processive mechanism) or may bind and then dissociate after each phosphorylation (distributive mechanism; Patwardhan and Miller, 2007). For example, phosphorylation of Cdc25 by Cdk1 is most likely to be random and distributive, namely, mutations on single phosphorylation sites do not preclude other phosphorylation events, and intermediate levels of Cdk1 yield partially phosphorylated Cdc25 (Lu et al., 2012). On the other hand, some kinases require “priming” phosphorylation, which automatically determines the order of phosphorylation. Known priming recognition motifs include (S/T)XXX(pS/pT) motif for GSK3 (ter Haar et al., 2001) or (S/T)XX(E/D/pS/pT) for CK2 kinases (Meggio and Pinna, 2003). Interestingly, some recent studies on human CFTR protein showed that tyrosine residue in “SYDE” motif can act as both positive and negative regulator of phosphorylation of the first serine by CK2 kinase (Cesaro et al., 2013). While “SYDE” sequence matches the CK2 canonical phosphorylation motif (SXXE), this motif is not properly phosphorylated unless tyrosine is replaced or phosphorylated.

In sequential and processive phosphorylation, distances between phosphorylation sites can be critical to maintain the phosphorylation process. Koivomagi et al. (2013) revealed the molecular mechanism of semi-processive phosphorylation on Sic1 by cyclin–Cdk1–Cks1 complex (Figure 2B). Sic1 contains seven Ser/Thr sites in its N-terminal region, which are phosphorylated by Cdk1. Thr5 and Thr33 were previously identified as priming phosphorylation sites compared to downstream secondary phosphorylation sites (Thr45, Thr48, Ser69, Ser76, and Ser80). First, Sic1 binds to cyclin, which induces priming phosphorylation on Thr5 and Thr33 by Cdk1. This process is inhibited if priming Thr residues are placed closer to the cyclin docking sites, indicating the importance of maintaining the proper distance between cyclin-binding motif and the phosphorylation target residues of Sic1 (Koivomagi et al., 2013). Subsequently, the phosphorylated priming sites are docked to the Cks1 pocket which in turn allows Cdk1 to access and phosphorylate downstream Ser/Thr sites which are located between the priming sites and the cyclin-binding sites. Additionally it has been shown that priming and secondary phosphorylation sites should be separated by at least 12 amino acids, otherwise the efficiency of secondary phosphorylation is greatly reduced. Overall, the authors of this paper proposed that the ability of Cdk1 to process multiple phosphorylation sites depends on spatial patterns of multiple phosphosite clusters and correct arrangements of cyclin and Cks binding elements (Koivomagi et al., 2013).

Sequential phosphorylation may also gradually increase the negative charge of a region and lead to the cooperative behavior between different phosphorylation sites. For example, phosphorylation of the Neurospora clock protein FREQUENCY (FRQ) is rate limiting for degradation and therefore crucial for circadian time keeping (Querfurth et al., 2011). This protein exists in closed and open states and in the course of the day the N-terminal domain of FRQ is sequentially phosphorylated at up to 46 sites, which increases its negative charge. As a result, the interaction with the negatively charged middle and C-terminal domains are destabilized which in turn shifts the equilibrium toward an open conformation. In an open conformation the signaling motif is exposed which targets protein for degradation.

Receptor tyrosine kinases (RTKs) represent another example. They transduce signals from the extracellular matrix to the cytoplasm of a cell and contain extracellular, transmembrane, and catalytic kinase domains and may include regulatory domains. In many cases binding of a ligand to the extracellular part induces dimerization or higher order oligomer formation and leads to the activation of intracellular kinase domain and its subsequent cross-phosphorylation. The interconversion between active and inactive states in kinases is highly regulated and kinases differ in their mechanisms of activation and inactivation (Hubbard and Miller, 2007). A key tyrosine in insulin receptor kinase domain protrudes into its active site, stabilizes inactive state and blocks access to ATP (Huse and Kuriyan, 2002) whereas tyrosines of activation loop in FGFR1 do not obstruct the ATP binding site but block the substrate binding site. Phosphorylated tyrosine can form an electrostatic contact with the basic residues, stabilize the active state of kinase and enable phosphorylation of other tyrosine residues on the C-terminal tail, which in turn mediate binding of SH2 and PTB domains of downstream signaling molecules. Phosphorylation of tyrosines happens in precise sequential order and autophosphorylation of Tyr653 in activation loop of FGFR1 increases kinase activity by 10–50-fold (Furdui et al., 2006) while subsequent phosphorylation of Tyr583, Tyr463, and Tyr585 boosts the catalytic activity up to 500-fold.

PHOSPHORYLATION AND POST-TRANSLATIONAL MODIFICATION CROSSTALK

Post-translational modification crosstalk occurs in those cases where the presence of one modification influences the modification of another site. Phosphorylation can change the activity of proteins that regulate other types of PTMs and, as a consequence, can promote or inhibit the modification of other sites. Several studies attempted to identify crosstalk between concerted phosphosites and other PTMs by looking at PTM sites within the sequence proximity from each other and by analyzing their evolutionary conservation and functional importance (Beltrao et al., 2012; Peng et al., 2014). Some of these studies have been recently reviewed (Lothrop et al., 2013; Gajadhar and White, 2014; Venne et al., 2014).

Phosphorylation in some cases can promote subsequent ubiquitylation and the crosstalk between phosphorylation and ubiquitylation is reciprocal, namely, phosphorylation can be regulated by ubiquitylation and vice versa (Swaney et al., 2013). Interplay between phosphorylation and protein GlcNAcylation was further examined and it was shown that an increased GlcNAcylation led to lower phosphorylation at 280 phosphosites while causing an increased phosphorylation at 148 sites (Wang et al., 2008). Different patterns of PTMs may govern the interactions with different proteins; these patterns are dynamic and may respond to changes in a cellular state. In particular, it was found that majority of proteins detected in response to stimulation with epidermal growth factor (EGF) were phosphorylated on multiple sites. Moreover, various phosphosites on one protein showed different kinetics pointing to the fact that they might play different functional roles (Olsen et al., 2006).

Several comprehensive statistical studies were recently performed trying to decipher the co-evolutionary links between different types of post-translationally modified sites. It was shown that phosphorylation associates with eleven other PTM types, followed by glycosylation and acetylation (Minguez et al., 2012; Beltrao et al., 2013). In addition it was reported that the coordination between different types of PTMs may occur at the level of one subunit in a protein complex since subunits highly modified by one PTM were also enriched by other PTM type (Woodsmith et al., 2013).

Crosstalk between phosphorylation and other PTMs can be illustrated by an example of histone tail modifications that are sometimes called the “histone code.” One important modification includes histone H3 Lys9 methylation that creates a binding site for chromodomain of heterochromatin protein 1 (HP1) which plays a key role in heterochromatin formation. Adjacent residue Ser10 is a known phosphorylation site. While the ultimate mechanism of Lys9 methylation and Ser10 phosphorylation crosstalk in H3 histone is still unknown, MD simulations showed that upon phosphorylation Ser10 forms a stable salt bridge with Arg8 rather than with the positively charged Lys9. It leads to a rearrangement of tail conformation and affects the binding of HP1 to methylated H3 Lys9 (Papamokos et al., 2012).

CONCLUSION

In this paper we reviewed the present state of the structural and biophysical studies of protein phosphorylation. Physicochemical consequences of phosphorylation are very diverse which makes it difficult to summarize and deduce general mechanisms of phosphorylation events. However, recent experimental and computational studies point to several major mechanisms for how phosphorylation may ultimately affect and modulate protein function. They include orthosterical and allosterical effects of phosphorylation on protein structure and protein–protein binding, disorder–order and order–disorder coupled transitions upon phosphorylation and, finally, cooperativity and crosstalk between multiple phosphorylation sites or other PTMs. The structural and biophysical characterization of phosphorylation crosstalk is still in its infancy but in the future it will provide important clues about mechanisms of signal propagation, integration, and separation.
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Understanding the mechanisms that control stress-induced survival is critical to explain how tumors frequently resist to treatment and to improve current anti-cancer therapies. Cancer cells are able to cope with stress and escape drug toxicity by regulating heat shock proteins (Hsps) expression and function. Hsp27 (HSPB1), a member of the small Hsp family, represents one of the key players of many signaling pathways contributing to tumorigenicity, treatment resistance, and apoptosis inhibition. Hsp27 is overexpressed in many types of cancer and its functions are regulated by post-translational modifications, such as phosphorylation. Protein phosphorylation is the most widespread signaling mechanism in eukaryotic cells, and it is involved in all fundamental cellular processes. Aberrant phosphorylation of Hsp27 has been associated with cancer but the molecular mechanisms by which it is implicated in cancer development and progression remain undefined. This mini-review focuses on the role of phosphorylation in Hsp27 functions in cancer cells and its potential usefulness as therapeutic target in cancer.
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INTRODUCTION

Protein phosphorylation is the most widespread post-translational modification in eukaryotic cells, and it is involved in all fundamental cellular processes. Reversible phosphorylation based signaling networks are crucial to the cell’s capacity to quickly respond to external and internal stimuli. An estimated 30% of cellular proteins are phosphorylated in an estimated total of 1000s of distinct phosphorylation sites (Cohen, 2000). This post-translational modification plays a crucial role in the cellular functions of proteins such as heat shock proteins (Hsps), particularly Hsp27 (HSPB1; Kostenko and Moens, 2009). Hsp27 is an ATP-independent molecular chaperone with well-described tumorigenic and metastatic roles, characterized by its dynamic phosphorylation leading to heterogeneous oligomerization under different conditions such as stress (Jakob et al., 1993; Martin et al., 1999; Garrido, 2002; Gusev et al., 2002; Kato et al., 2002; Koteiche and McHaourab, 2003; Webster, 2003; Taylor and Benjamin, 2005; Acunzo et al., 2012). Unphosphorylated Hsp27 is able to form multimers than can reach 800 kDa (Lentze and Narberhaus, 2004) while phosphorylation results in conformational changes leading to significantly decreased oligomeric size, complex dissociation, and subsequent loss of chaperone activity (Rogalla et al., 1999; Hayes et al., 2009). This supports the idea that Hsp27’s reversible structural organization acts as a sensor allowing cells to adapt and eventually overcome lethal conditions by interacting with appropriate protein partners (Arrigo and Gibert, 2012).

It has been well documented that aberrations in protein phosphorylation are closely linked to major diseases such as cancer, diabetes, and rheumatoid arthritis (Radivojac et al., 2008; Watanabe and Osada, 2012; Hao et al., 2013; Nie et al., 2013; Streit et al., 2013). Moreover, Hsp27 overexpression contributes to the malignant progression of cancer cells including increased tumorigenicity, treatment resistance, and apoptosis inhibition (Hsu et al., 2011; Acunzo et al., 2012; Stope et al., 2012). While the aberrant expression of Hsp27 in human cancer have been and is still intensively studied and documented, its phosphorylation state in cancer cells compared to healthy cells are only starting to be examined (Arrigo et al., 2007; Calderwood and Ciocca, 2008; Arrigo and Gibert, 2012). Hsp27 is not the only chaperone whose functions in cancer cells are coordinated by phosphorylation regulation. A recent study identified C-terminal phosphorylation as a key mechanism for the dynamic regulation of Hsp90 and Hsp70 chaperone activity, and binding to co-chaperones to either fold or degrade client proteins (Muller et al., 2013). These co-chaperones are also regulated in a way that favors pro-folding environment in replicating tumor cells and degradation phenotype in non-proliferating cells (Muller et al., 2013). This mini-review briefly summarizes the regulation of Hsp27 by phosphorylation and its functional implications and focuses on the reports describing aberrant Hsp27 phosphorylation linked to cancer. The potential therapeutic strategies aiming at Hsp27 phosphorylation will also be discussed as future perspectives.

Hsp27 PHOSPHORYLATION AND ASSOCIATED FUNCTIONS IN NORMAL CELLS: AN UP-TO-DATE OVERVIEW

Mapping the phosphorylation sites of Hsp27 showed the involvement of Serine (Ser)-15, Ser-82, Ser-78, and Threonine (Thr-143) residues (Figure 1A). The contribution of single phosphorylation of Hsp27 at either of these sites, in biological processes has not yet been addressed. However, previous studies have shown that Hsp27 oligomerization is regulated by Ser-78 and/or Ser-82 phosphorylation while Ser-15 seems to induce small effect on oligomerization (Lambert et al., 1999; Gusev et al., 2002). Hsp27 phosphorylation/dephosphorylation equilibrium (Figure 1B) has been shown to be regulated by signals activating protein kinases and phosphatases. Numerous in vitro and in vivo studies in different cell types have described the roles of MAPK-activated protein kinase–2,–3,–5 (MK2, MK3, MK5), protein kinase (PK) A, B, C, and D in Hsp27 phosphorylation [for review (Kostenko and Moens, 2009)]. The choice of the kinase seems to depend on the cell type therefore kinase expression levels and the signaling pathway activated. Even though numerous kinases have been described to interact with and/or phosphorylate directly or indirectly Hsp27, controversy exists on the subject and the major kinases have been shown to be MK2, MK5, and PKD (Doppler et al., 2005). When induced upon stress, Hsp27 phosphorylation can be detected within a few minutes (Landry et al., 1992) and in a reversible manner which is controlled by phosphatases. Several studies have revealed the involvement of protein phosphatase 2A (PP2A; Cairns et al., 1994; Tar et al., 2006) but the involvement of other protein phosphatases is not excluded.


[image: image]

FIGURE 1. (A) Schematic representation Hsp27 structure and putative phosphorylation sites. (B) Structural organization of Hsp27 upon reversible phosphorylation.



In addition to controlling Hsp27 structural organization and oligomerization, phosphorylation seems to be a key mechanism which favors recognition of specific client proteins associating Hsp27 with specific functions (Arrigo and Gibert, 2012, 2013). Several functions are associated with Hsp27 phosphorylation in normal cells (Figure 1B). It has been well described that phosphorylated Hsp27 regulates actin filaments dynamics, in cytoskeleton organization during processes such as cell migration or cell stress (Lavoie et al., 1993; Clarke and Mearow, 2013). Various studies have also shown that Hsp27 overexpression and/or phosphorylation regulates cell cycle and therefore cell proliferation but this appears to be cell-specific. It has been demonstrated that phosphoHsp27 inhibited the MEK/ERK signaling pathway by a mechanism involving both c-Raf activity attenuation and stimulation of MAPK phosphatase-1 (MKP1) through p38 MAPK leading to significant reduction of cyclin D1 levels and subsequent cell cycle arrest (Matsushima-Nishiwaki et al., 2008). Moreover, Hsp27 is known to interact with p53, regulating its transcriptional activity (Venkatakrishnan et al., 2008), therefore having an effect in cell cycle regulation. Last but not least, phosphoHsp27 can prevent apoptosis by protecting cells against heat shock, apoptosis effectors, oxidative stress, and ischemia. Hsp27 can also inactivate Bax and block the release of Smac and cytochrome C (Garrido et al., 2006; Arrigo, 2007; Acunzo et al., 2012). It is important to note at this point that in cells treated by apoptotic effectors that act on different pathways, Hsp27 has diverse localizations, oligomeric sizes, and phosphorylation states leading to negative regulation of apoptosis (Paul et al., 2010). More precisely, the two apoptotic effectors, etoposide, and Fas antibody, have the tendency to increase Hsp27 native sizes reflecting medium sized and large oligomers accumulation, while staurosporine and cytochalasin D induced Hsp27 in small oligomers (Paul et al., 2010). Hsp27 acts by regulating partner proteins involved in cell death pathways (Havasi et al., 2008; Acunzo et al., 2012; Sanchez-Nino et al., 2012).

THE RATIONAL OF TARGETING Hsp27 ABERRANT PHOSPHORYLATION IN CANCER

Aberrant expression of Hsp27 in cancer cells has been intensively investigated and is known to be associated with aggressive tumor phenotype, increased therapy resistance, and poor prognosis for the patient. Targeting Hsp27 overexpression in different types of cancers has been shown promising (Rocchi et al., 2006; Cayado-Gutierrez et al., 2013; Lamoureux et al., 2014) but currently no clinical trial has passed phase III (Agensys, 2014). However, less focus has been given to the phosphorylation state of Hsp27 in cancer cells compared to healthy ones. Interestingly, a few recent studies demonstrated that phosphorylation levels of Hsp27 increased in advanced tumors and were correlated to treatment resistance (Taba et al., 2010; Wang et al., 2010; Sakai et al., 2012; Xu et al., 2014). A proteomics study identified phosphoHsp27 as part of the cancer-related phosphoprotein signature of prostate cancer (Chen et al., 2011). In the described study, phosphorylation of Hsp27 occurs upon androgen receptor (AR) activation by ligands, leading to Hsp90 displacement from the AR-complex and translocation of AR to the nucleus. Inhibition of Hsp27 phosphorylation shifted the association of AR with Hsp90 to the E3 ubiquitin ligase MDM2, increased AR degradation, decreased AR transcriptional activity and increased prostate cancer cell apoptotic rates (Chen et al., 2011). In pancreatic and prostate cancer cells, cytoprotection induced by Hsp27 is due, at least in part, to its interaction with eIF4E (eukaryotic translational initiation factor 4E) that increased when Hsp27 is phosphorylated. Hsp27 interaction protects eIF4E from its ubiquitin-proteasome-dependent degradation process, leading to apoptosis resistance induced by castration and chemotherapy (Andrieu et al., 2010; Baylot et al., 2011). A similar mechanism was previously described involving cooperative interactions between ligand-activated AR and Hsp27 phospho-activation that enhance AR stability, shuttling, and transcriptional activity, thereby increasing prostate cancer cell survival (Zoubeidi et al., 2007). Moreover, Hsp27 phosphorylation has been shown to regulate epithelial–mesenchymal transition process and NF-B activity contributing to the maintenance of breast cancer stem cells (Wei et al., 2011). A comparative phosphoproteomic studies of HER-2/neu positive and -negative breast tumors revealed that Hsp27, one of the identified phosphoproteins, was highly phosphorylated on Ser78 in HER-2/neu positive tumors (Zhang et al., 2007). In MCF-7 cells, phosphoHsp27 plays different roles in regulating p53 pathway and cell survival (Xu et al., 2013). In ovarian and prostate cancers, p38 MAPK-MK2 dependent phosphorylation of Hsp27 was shown to be involved in remodeling of actin filaments required for pro-invasive and pro-metastatic activities (Gurgis et al., 2014; Pavan et al., 2014). Interestingly, the authors propose targeting the MK2-Hsp27 axis in cancer cells as a strategy to reduce migration and metastasis in cancer cells. In a recent report, it was demonstrated that Hsp27 phosphorylation in liver cancer cells was associated with Hsp27 subcellular localization in the nucleus where it could perform specific functions such as mRNA processing (Bryantsev et al., 2007; Guo et al., 2012). Finally, Taba et al. (Taba et al., 2010) recently showed that phosphorylated Hsp27 played an important role in resistant to Gemcitabine in pancreatic cancer cells and propose phosphoHsp27 as a possible biomarker for predicting response of pancreatic cancer patients to Gemcitabine treatment.

In addition to targeting Hsp27 expression in cancer cells, it therefore appears of particular interest, to block the functions of phosphoHsp27. This approach may lead to new anti-cancer drug discovery. Less specific targeting strategies of the p38-MAPK signaling cascade have shown significant therapeutic potential in the treatment of endocrine resistant breast cancer through inhibition of downstream targets Hsp27 and MAPK (Antoon et al., 2012). Gibert et al. (Gibert et al., 2011) developed peptide aptamers that specifically bind Hsp27, interfere with its structural organization (dimerization and oligomerization) and impair its anti-apoptotic and cytoprotective functions. We believe that interfering with specific phosphoHsp27-partner protein interactions in cancer cells may represent a promising therapeutic strategy with little or no side effects in normal cells. Targeting phosphoHsp27 in cancer cells constitutes a nascent field research that deserves more exploration in the future.

CONCLUSION AND FUTURE DIRECTIONS

The future challenge lies in a deeper understanding of Hsp27 phosphorylation state in cancer cells in order to develop and/or improve therapies, specific to cancer cells. The role of Hsp27 phosphorylation in cancer progression has only started to be explored and the few studies published to date that are described in this mini-review suggest that phosphoHsp27 suppresses apoptosis, enhances invasion, and survival of cancer cells. Interestingly, some elements suggest that phosphoHsp27 could present modified subcellular localization which may account for specific roles in cancer cells. We believe that apart from a thorough understanding of Hsp27 phosphorylation state in cancer cells, subcellular localization, and protein partner interactions of phosphoHsp27 are aspects that require further exploration as they will certainly reveal new cancer-specific functions for Hsp27. Interfering with Hsp27’s functions should be directed toward cancer cells considering the diversity of functions that Hsp27 exerts in normal cells. Several inhibitors against some Hsp27 kinases have been developed (Anderson et al., 2007; Schlapbach et al., 2008; Lopes et al., 2009) but clinical trials in patients with aberrant Hsp27 phosphorylation are lacking. Proteomics approaches are increasingly used to identify stress-induced chaperone phosphorylation in different pathophysiological conditions and may constitute useful tools for selecting patients who may respond to newly developed therapies.
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Members of the Src family of kinases (SFKs) are non-receptor tyrosine kinases involved in numerous signal transduction pathways. The catalytic, SH3 and SH2 domains are attached to the membrane-anchoring SH4 domain through the intrinsically disordered “Unique” domains, which exhibit strong sequence divergence among SFK members. In the last decade, structural and biochemical studies have begun to uncover the crucial role of the Unique domain in the regulation of SFK activity. This mini-review discusses what is known about the phosphorylation events taking place on the SFK Unique domains, and their biological relevance. The modulation by phosphorylation of biologically relevant inter- and intra- molecular interactions of Src, as well as the existence of complex phosphorylation/dephosphorylation patterns observed for the Unique domain of Src, reinforces the important functional role of the Unique domain in the regulation mechanisms of the Src kinases and, in a wider context, of intrinsically disordered regions in cellular processes.
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INTRODUCTION

The Src kinase family is composed of 10 proteins: Src, Frk, Lck, Lyn, Blk, Hck, Fyn, Yrk, Fgr, and Yes. Src family kinases (SFKs) are membrane-associated, non-receptor tyrosine kinases that act as important signaling intermediaries regulating a variety of outputs, such as cell proliferation, differentiation, apoptosis, migration, and metabolism. All SFKs share the same domain arrangement: a large catalytic C-terminal domain is preceded by regulatory Src 2 and 3 homology domains (SH2 and SH3, respectively) and the membrane-anchoring SH4 N-terminal region, which contain myristoylation and palmitoylation sites as well as positively charged residues. The SH3 and SH4 domains are linked by an intrinsically disordered segment of 50–90 residues, called the Unique domain (UD) because of the lack of sequence similarity among the different SFKs. However, the UD of each individual SFK member is well conserved between different organisms suggesting a more specific role than that of a simple spacer. Figure 1 shows the sequences of the UDs of the 10 SFKs, highlighting known phosphorylation sites.
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FIGURE 1. Phosphorylation and lipid binding sites in the Unique domain of SFK. Alignment of the UD sequences of the ten SFK. The alignment has been manually edited to emphasize the similarities in regions that are known to be functionally relevant in at least one SFK member. Residues highlighted in green are identified as phosphorylation sites in PhosphoSitePlus (Hornbeck et al., 2012). Conservation of phosphorylation sites was used as a reference in the alignment presented.



Efforts to find specific UD functions during the last two decades have confirmed an active role of the UD in the regulation of SFK members. In the case of Lck, the UD mediates association with the cytoplasmic tail of CD4 and CD8α through a zinc clasp structure (Kim et al., 2003). For most of the other SFK members the detailed mechanisms remain obscure. The Unique domains of Fyn and Lyn were observed to be cleaved during induction of apoptosis in intact hematopoietic cells, revealing a novel mechanism for the specific regulation of different SFKs, with important consequences for their cellular localization and activity (Luciano et al., 2001). Several SFKs contain residues in the N-terminal region that are phosphorylated and dephosphorylated in cellular processes (Joung et al., 1995; Hansen et al., 1997; Johnson et al., 2000). Moreover, swapping the Unique domains of Src and Yes interchanges the functional specificity of the two SFKs (Hoey et al., 2000; Summy et al., 2003; Werdich and Penn, 2005). The versatility and relevance of the active role of the Unique domain in Src function was confirmed by the discovery of binding by the Unique domain to different targets, such as acidic lipids, the SH3 domain, and calmodulin (Pérez et al., 2013). The amino-acid sequence of the UD region responsible for some of these interactions is conserved in Src, Fyn, and Yes. The three proteins are co-expressed in many tissues and are partially redundant, in the sense that deficiency in one of them can be compensated by the action of the other two.

The involvement of SFK signaling in growth, motility and cell survival makes them important oncology targets. Activation of SFKs is tightly regulated in healthy cells (Boggon and Eck, 2004), while the kinase activation is often deregulated in cancer, giving rise to altered cellular shape, function, and growth (Vlahovic and Crawford, 2003). Among the SFKs, Src is the most studied and the most commonly discussed in the context of cancer (Yeatman, 2004). However, there has been growing interest in the other SFKs in both normal physiological and pathological states.

The UD is an intrinsically disordered region (IDR). Intrinsically disordered proteins (IDPs) are relatively more prevalent among signaling and cancer-related proteins (Iakoucheva et al., 2002). The connection between disorder and diseases such as cancer, neurodegenerative conditions, amyloidosis, cardiovascular disease, and diabetes has been extensively explored in recent reviews (Uversky et al., 2008; Uros et al., 2009). Diseases arising from structural changes in proteins, loosely grouped as “conformational diseases” are caused not only by protein misfolding, but also by failures in post-translational modifications that result in aberrant interactions with physiological partners (Uversky et al., 2008). Remarkably, mutations in disordered regions can result in the loss of important post-translational modification sites, leading to disease (Li et al., 2010). The recognition of the crucial role of IDPs in a number of diseases has heralded a new era in the design of drugs (Chen et al., 2006).

While the catalytic and Src homology domains of SFKs have long been subjects of investigation, the study of the regulatory mechanisms involving the intrinsically disordered UD has only recently started gaining momentum. Phosphorylation events are often associated with the regulation of important functional regions. In this mini-review we discuss the current knowledge about the phosphorylation events taking place in the Unique domains of SFKs.

PHOSPHORYLATION OF THE UNIQUE DOMAIN OF Lck

The Unique domain linking the SH4 and the SH3 domain of Lck is one of the smallest of the family, with only 60 amino acids. During T-cell activation, Ser59 in the Unique N-terminal region of Lck is phosphorylated (Watts et al., 1993; Winkler et al., 1993). The Unique domain of Lck contains a proline-rich region surrounding Ser59 (56PPASP60). Joung et al. (1995) found that modifications of Ser59 in the Unique N-terminal domain of tyrosine kinase Lck regulate specificity of its SH2 domain. Later on, Ser59 was identified as a site of in vivo mitotic phosphorylation in Lck (Kesavan et al., 2002). More recently, a new target was found for Lck: the protein Nck (Vázquez, 2007), consisting of one SH2 domain and three SH3 domains, which is known to link receptor tyrosine kinases to downstream proteins, and to be active in actin polymerization. It was also reported that Nck binds in T cells to the CD3 subunit of the T-cell antigen receptor (TCR) following TCR engagement. Interestingly, the inter-molecular interaction between Lck and Nck was observed to be disrupted by phosphorylation at Ser59 within the Unique domain of Lck. Wild-type Lck (wt-Lck) and a Ser59Asp-Lck mutant transfected into Lck-deficient JCaM1.6 cells showed differences in the activation of proximal versus distal signaling events (Vázquez, 2007).

PHOSPHORYLATION OF THE UNIQUE DOMAIN OF Hck

Hematopoietic cell kinase (Hck) is a potential drug target for cancer and HIV infections. High levels of Hck are associated with drug resistance in chronic myeloid leukemia and Hck activity has been connected with HIV-1 (Tintori et al., 2013). An important insight into the activation mechanism of this SFK member was the discovery that Hck is capable of performing autophosphorylation in its UD. Autophosphorylation of the activation loop in the kinase domain is a common process for SFK activation. Autophosphorylation of recombinant Hck leads to a 20-fold increase in its specific enzymatic activity (Johnson et al., 2000). Hck was found to autophosphorylate readily to a stoichiometry of 1.3 mol of phosphate per mol of enzyme, indicating that the kinase autophosphorylated at more than one site. In particular, Johnson and collaborators discovered –- in vitro as well as in vivo–-that Hck can undergo autophosphorylation at two different sites: Tyr388, which is located at the consensus autophosphorylation site in the well-characterized activation loop of similar kinases, and Tyr29, which is located in its intrinsically disordered Unique domain. By inspecting the activities and levels of phosphorylation of recombinant Hck mutants containing either the point mutation Tyr388Phe or Tyr29Phe, they demonstrated that phosphorylation at Tyr29 makes a crucial contribution to the activation of Hck through its autophosphorylation. Regulation of the catalytic activity by phosphorylation at Tyr29 in the Unique domain of Hck suggests that autophosphorylation within the N-terminal Unique region may also be an additional mechanism of regulation of other Src family tyrosine kinases.

TYROSINE PHOSPHORYLATION IN OTHER UNIQUE DOMAINS: Lyn, Yes, Fgr, AND Frk

Interestingly, the tyrosine residue in position 32 of Lyn is located in an 8-residue-long sequence common to Lyn and Hck. EGFR phosphorylates the p56 isoform of Lyn, p56Lyn, at Tyr32, which then phosphorylates MCM7, a licensing factor critical for DNA replication. Phosphorylation at Tyr600 of MCM7 increases its association with other minichromosome maintenance complex proteins, thereby promoting DNA synthesis complex assembly and cell proliferation. Both p56Lyn Tyr32 and MCM7 Tyr600 phosphorylation are enhanced in proliferating cells and correlated with poor survival of breast cancer patients (Huang et al., 2013).

All Unique domains contain aromatic residues, a rare feature in intrinsically disordered domains. A tyrosine residue is present between positions 25 and 34 in seven SFKs, and is known to be phosphorylated in five of them: Lyn, Hck, Lck (Hornbeck et al., 2012), Yes (Ariki et al., 1997), and Frg (Oppermann et al., 2009). Phosphorylation of Tyr34 of Fgr has been observed my mass spectrometry mainly in samples from leukemia patients.

Frk is the only SFK that is not myristoylated. Although it contains three tyrosine residues in its Unique domain, phosphorylation has only been reported for Tyr46, at the interface between the Unique and SH3 domains. The modification was observed by mass spectrometry mainly in samples from lung, liver, and gastric cancer (Stokes et al., 2012).

PHOSPHORYLATION OF THE UNIQUE DOMAIN OF Fyn

Fyn is ubiquitously expressed together with Src and Yes, whereas other members of the Src family are expressed only in specific cell types. Fyn is primarily localized to the cytoplasmic leaflet of the plasma membrane, where it phosphorylates tyrosine residues on key targets involved in a variety of different signaling pathways. Fyn characterization has been mainly focused on its immune and neurological function. However, Fyn has also been recognized as an important mediator of mitogenic signaling and regulator of cell-cycle entry, growth, and proliferation, integrin-mediated interactions as well as cell adhesion and migration (Kawakami et al., 1988; Chen et al., 2001; Li et al., 2003; Kim et al., 2010). In particular, Fyn is over-expressed in several cancers, such as glioblastoma multiformae and melanoma. The role of Fyn over-expression in these systems, however, has not been well defined as yet.

Fyn presents multiple phosphorylation sites that can affect its kinase activity. Activation of Platelet-Derived Growth Factor (PDGF) β-receptor by binding to PDGF leads to activation of a member of the SFK (Alonso et al., 1995). The Unique domain of Fyn was found to be phosphorylated at Tyr28 (Hansen et al., 1997). The functional role of this phosphorylation was confirmed by the observation of significantly reduced activation following PDGF stimulation of a Fyn mutant in which Tyr28 was replaced by phenylalanine (Hansen et al., 1997). It was also proposed that the autophosphorylation of the N-terminal tyrosine residues plays a key role in the activation of Fyn, by complementing the PDGF receptor-induced phosphorylation of Tyr28.

Serine 21 within the UD of Fyn is part of a RxxS motif targeted by protein kinase A (PKA). Mutation of Ser21 to Alanine (Ser21Ala-Fyn) blocks PKA phosphorylation of Fyn and alters its tyrosine kinase activity (Yeo et al., 2011). In the same work, the authors showed that the over-expression of Ser21Ala-Fyn mutant in cells lacking Src/Yes/Fyn kinases (SYF cells) led to decreased tyrosine phosphorylation of focal adhesion kinase, resulting in reduced focal adhesion targeting, and slow lamellipodia dynamics and cell migration. These important changes in cell motility demonstrate a key role of UD phosphorylation at Ser21 in the Fyn kinase activity that controls assembly and disassembly of focal adhesions in response to signals arising from cell-extracellular matrix interactions.

Protein kinase A is a crucial component of integrin-mediated signaling pathways. Interaction of cells with their substrate or adhesion to other cells leads to activation of PKA (Whittard and Akiyama, 2001), and induce the phosphorylation of a variety of protein substrates (Walsh and Van Patten, 1994). Four SFKs (Fyn, Src, Lck, and Fgr) contain a conserved RxxS motif suggesting they can be regulated by PKA.

PHOSPHORYLATION OF THE UNIQUE DOMAIN OF Src

Src is a non-receptor protein tyrosine kinase with a key role in regulating cell-to-matrix adhesion, migration, and junctional stability (Frame, 2004). Thus, precise regulation of Src activity is critical for normal cell growth. The inactive state of Src is obtained by phosphorylated tyrosine near the C-terminus of Src (Tyr530 in mammalian Src; Tyr527 in chicken Src), which is recognized by its SH2 domain, while the SH3 domain interacts with a poly-proline motif located in the linker region between the SH2 and kinase domains; these intramolecular interactions restrict access to the kinase domain (Xu et al., 1997). Dephosphorylation of Tyr530 is followed by autophosphorylation at Tyr419, leading to full activation of the kinase. Active Src may be deactivated by rephosphorylation of Tyr530 by C-terminal Src kinase (Csk; Piwnica-Worms et al., 1987; Nada et al., 1991; Brown, 1996).

Although the phosphorylation of Src at Ser17 by PKA (cAMP-dependent protein kinase) is a well-characterized process, its biological significance remains unclear (Obara et al., 2004). Potential roles in protein–protein interactions or cellular localization have been postulated for this phosphorylation site. For instance, it has been observed that the treatment of 3T3 fibroblasts with PDGF results in the translocation of Src from the plasma membrane to the cytosol, concomitant with an increase in phosphorylation of Ser17 by PKA (Walker et al., 1993). This observation suggests that this phosphorylation could interfere with the electrostatic interactions that act to anchor Src to the lipid bilayer. PKA phosphorylation of Src at Ser17 is also required in cAMP activation of Rap1, inhibition of extracellular signal-regulated kinases, and inhibition of cell growth, although the mechanism by which this phosphorylation mediates these processes is not known (Obara et al., 2004).

Interaction of Src with lipids is not restricted to the SH4 domain (Figure 2). The unique lipid binding region (ULBR) was discovered following NMR observations that revealed a partially structured region within the UD of Src (Pérez et al., 2009). While phosphorylation of Ser17 by PKA disturbed the interaction of the SH4 domain with lipids, phosphorylation of Thr37 and Ser75 by p25-Cdk5 decreased lipid binding by the ULBR (Pérez et al., 2009). Cross-effects were observed, suggesting a cooperative interaction of the two lipid binding regions with membranes. Conformational effects of phosphorylation at Ser17, Thr37, and Ser75 in the isolated UD are strictly local, indicating that electrostatic repulsion of the phosphorylated residues with the negatively charged lipids is the main mechanism by which lipid binding is disrupted.


[image: image]

FIGURE 2. Phosphorylation sites in the UD of Src and their relationship with the two lipid-binding regions: the classical SH4 domain and the ULBR.



The ULBR major regulatory role of the UD was shown experimentally in Xenopus laevis oocytes. Mutations abolishing lipid binding by the ULBR but not affecting the SH4 domain resulted in a conditional lethal phenotype after progesterone induced maturation (Pérez et al., 2013).

Previous results had identified a functional role for Thr37 and Ser75 (Thr34 and Ser72 in chicken Src) as well as Thr46 in chicken Src (with no correspondence in humans). These residues are phosphorylated by cyclin-dependent kinase 1 (Cdk1/Cdc2) during mitosis. These phosphorylations were found to activate Src by disrupting the interaction between the SH2 domain and Tyr527/Tyr530 (chicken/human) and facilitating the dephosphorylation by protein tyrosine phosphatases (Shenoy et al., 1992; Stover et al., 1994).

In addition (or possibly related to) its effect on lipid binding, phosphorylation of Ser75 is important in other aspects of Src regulation. Mitosis-independent phosphorylation of this site was observed in neurons and in certain cancer cell lines; this phosphorylation was shown to be due to Cdk5, a widely distributed proline-directed kinase with a substrate specificity similar to Cdk1 (Kato and Maeda, 1999). Active Src is reported to be irreversibly destroyed by Cullin-5-dependent ubiquitination and proteosomal degradation (Hakak and Martin, 1999; Laszlo and Cooper, 2009). More recently, it was shown that phosphorylation at Ser75 promotes the ubiquitin-dependent degradation of Src (Pan et al., 2011). Ser75-Src phosphorylation in epithelial cells was found to depend on the activation state of Src: only active Src was phosphorylated and eventually marked for ubiquitination. Thus, Cdk5-dependent phosphorylation of Ser75 within the UD of Src represents a mechanism to restrict the availability of active Src (Pan et al., 2011). Sequence alignment suggests that serine residues are present in homologous positions of Yes and possibly Frk.

NMR and mass-spectrometry studies of human Src UD added to X. laevis egg extracts showed the phosphorylation of Ser75 and Ser69, as well as Ser 17 (Pérez et al., 2013). Phosphorylation of Ser75 and Ser69 seem to be mutually interfering in vitro. Interestingly, X. laevis Src has a glycine residue at position 69 and phosphorylation of Ser69 in human Src had only been previously detected by mass spectrometry in extracts of cancer lines HCT116 and MDA-MB-435S (Oppermann et al., 2009). It is tempting to speculate that pathological phosphorylation of Ser 69 in human cells could result in decreased phosphorylation of Ser75 and reduced degradation of active Src, leading to an oncogenic phenotype caused by Src overactivation.

The interplay between various phosphorylation sites within the UD emphasizes its role as a signaling integration hub. Further input signals, in addition to phosphorylation, include calcium-dependent interaction with calmodulin and the allosteric interaction with Src SH3 domain (Pérez et al., 2013; Figure 2). A further level of cross-talk between various phosphorylation events was observed when the time-dependent phosphorylation of the UD was studied by real-time NMR in cell extracts (Amata et al., 2013). In these experiments it was observed that the activity of a PKA-like kinase, which phosphorylates Ser17, also repressed the phosphatase(s) that catalyzed the dephosphorylation of Ser75. Thus, inhibition of PKA activity resulted in dephosphorylation of both sites. Similarly, inhibition of Cdk activity resulted in a reduction in the steady-state phosphorylation of both sites. On the other hand, addition of PKA caused a robust phosphorylation of Ser75 by preventing the action of the phosphatases that reverse the effect of Cdks. These results show that the phosphorylation state of the UD of Src represents a sensor of the kinase-phosphatase network active at any given moment in the cell. Experimental access to this information is possible by using real-time NMR techniques (Selenko et al., 2008; Theillet et al., 2012; Thongwichian and Selenko, 2012; Amata et al., 2013). In contrast to folded domains, intrinsically disordered domains, like the UD of Src, provide in vivo NMR resolution comparable to that obtainable in vitro (Kosol et al., 2013).

CONCLUDING REMARKS

The study of the UDs of SFKs, particularly that of Src, provides an example of multilevel regulation through phosphorylation of a membrane-bound intrinsically disordered domain. The occurrence of membrane tethering among IDRs is very common, although its relevance is not always recognized. The results arising from studies of UDs should stimulate further research to uncover similar mechanisms beyond SFKs. In particular, switchable internal lipid binding sites (the ULBR in the case of Src) in disordered domains anchored to membranes by a second, more stable, binding site close to the protein termini (the SH4 domain in the case of SFKs) can modulate the position of the active domains (the kinase or regulatory domains in the case of SFKs) with respect to the membrane surface. Lipid binding by the internal site can switch off the access of the active domains to target sites of membrane-anchored substrates/partners located beyond a particular distance from the membrane surface or, conversely, facilitate the interaction with sites near the membrane surface. Phosphorylation or other modifications preventing the interaction of the internal site would result in a release of the active domains, which can then reach sites located further apart from the membrane surface or disfavor the interaction with membrane-proximal sites. This represents a new compartmentalization mechanism based on the relative position of interacting sites with respect to the membrane surface. This mechanism enables modulating the functional interactions between two proteins anchored next to each other in the membrane.
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To better understand how cells sense and respond to their environment, it is important to understand the organization and regulation of the phosphorylation networks that underlie most cellular signal transduction pathways. These networks, which are composed of protein kinases, protein phosphatases and their respective cellular targets, are highly dynamic. Importantly, to achieve signaling specificity, phosphorylation networks must be regulated at several levels, including at the level of protein expression, substrate recognition, and spatiotemporal modulation of enzymatic activity. Here, we briefly summarize some of the traditional methods used to study the phosphorylation status of cellular proteins before focusing our attention on several recent technological advances, such as protein microarrays, quantitative mass spectrometry, and genetically-targetable fluorescent biosensors, that are offering new insights into the organization and regulation of cellular phosphorylation networks. Together, these approaches promise to lead to a systems-level view of dynamic phosphorylation networks.
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INTRODUCTION

Protein phosphorylation, mediated by protein kinases and opposed by protein phosphatases, is one of the most widespread regulatory mechanisms in eukaryotes. Inside the cell, protein kinases, phosphatases, and their respective substrates are organized into complex phosphorylation networks that govern nearly all cellular processes. In order to achieve signaling specificity in response to a given environmental stimulus, these networks must be precisely coordinated in cellular space and time. This involves regulation at several different levels, including at the levels of protein expression (e.g., enzyme levels), substrate selection, and spatiotemporal regulation of enzymatic activity. Not surprisingly, disruption of these regulatory mechanisms has been implicated in many pervasive diseases, including cancer (Guha et al., 2008; Deschenes-Simard et al., 2014), diabetes (Guo, 2014; Mackenzie and Elliott, 2014; Ortsater et al., 2014), and heart disease (Kooij et al., 2014; Sciarretta et al., 2014). As a consequence, much effort has been dedicated to understanding how these parameters are controlled inside the cell.

In this review, we will examine several methodologies used to study the organization and regulation of cellular phosphorylation networks. Our discussion will be organized around two central questions: (1) which cellular proteins are phosphorylated by a given kinase (or dephosphorylated by a given phosphatase) under physiological conditions and (2) how are specific kinases and phosphatases—and ultimately the signaling networks of which they are a part—regulated within the native cellular environment? We will begin by first discussing the properties of protein phosphorylation that make this post-translational modification an attractive chemical signal for cellular information transfer. We will then highlight some of the traditional methods that researchers have used to study the phosphorylation status of cellular proteins before turning our attention to several emerging technologies that are beginning to provide a dynamic and systems-level view of phosphorylation networks. Together, these approaches promise to shed new light on the organization and regulation of cellular phosphorylation networks.

CELLULAR AND MOLECULAR CONSEQUENCES OF PHOSPHORYLATION

Protein phosphorylation describes the covalent attachment of a negatively charged phosphate group to one of several amino acid residues. Though several reports suggest that phosphorylation of His residues (resulting in the formation of an acid labile phosphoramidate species) may account for up to 10% of protein phosphorylation in some eukaryotes (Klumpp and Krieglstein, 2002; Besant and Attwood, 2010), it is generally believed that the predominant sites of phosphorylation in mammalian proteins are on Ser (~86%), Thr (~12%), and Tyr (~2%) residues (Hunter, 1996). Phosphorylation of these hydroxyamino acids results in the formation of phosphate monoesters that are surpassingly stable under physiological conditions, exhibiting an estimated half-life of 1.1 × 1012 years in aqueous solution (Lad et al., 2003). Despite their extremely high stability, phosphate monoesters are nonetheless rapidly hydrolyzed through the catalytic action of protein phosphatases, thus making protein phosphorylation a highly dynamic and “regulatable” post-translational modification inside cells. Importantly, the chemical properties of phosphate monoesters confer unique characteristics to phosphorylated amino acids that are critically important for their role in cellular signal transduction (Dissmeyer and Schnittger, 2011). For instance, a phosphate monoester contains two ionizable oxygens which exhibit pKa's of ~2.2 and 5.8, respectively, (Hunter, 2012). Therefore, depending on its chemical context, the transferred phosphate group is expected to be either dianionic or partially dianionic at physiological pH. Such a high charge density makes phosphate groups well-suited to mediate intra- or intermolecular interactions, such as hydrogen bonds and salt bridges, which can impact protein function.

In most cases, phosphorylation is believed to induce conformational changes in the target protein that influence its behavior inside the cell. For example, phosphorylation-dependent conformational changes can alter the activity of enzymes either directly, by promoting the reorganization of the enzyme active site, or indirectly, through allosteric effects on regulatory domains or subunits (Hunter, 2012). These modes of regulation are particularly important in the coordination of kinase signaling cascades that underlie cellular phosphorylation networks. For instance, recent evidence suggests that phosphorylation of residues within the activation loop, a highly conserved region present in all eukaryotic protein kinases, triggers global reorganization of two critical hydrophobic “spines” within the kinase core that help to properly position key residues in the active site necessary for catalysis (Taylor and Kornev, 2011; Meharena et al., 2013). Of course, phosphorylation-dependent changes in activity are not restricted to enzymes. Indeed, many ion channels and cellular transporters are known to be regulated by phosphorylation. For instance, phosphorylation of ryanodine receptor (RyR) Ca2+ channels by either Ca2+/calmodulin-dependent protein kinase II (CaMKII) or cAMP-dependent protein kinase (PKA) induces conformational changes that alter their open probability at the sarcoplasmic reticulum, influencing both the intensity and the frequency of Ca2+ spikes in cardiomyocytes and striated muscle cells (Meissner, 2010; Niggli et al., 2013). While CaMKII-mediated phosphorylation of S2815 is believed to induce local conformational changes that directly affect the flow of Ca2+ ions through the channel, structural changes caused by phosphorylation of S2809 and/or S2030 by PKA appears to promote the dissociation of the stabilizing protein, calbastin 2, from a site far removed from the phosphorylation sites. These changes lead to “leaky” SR channels associated with aberrant contractile function (Meissner, 2010; Niggli et al., 2013).

In addition to modulating its activity, the phosphorylation status of a protein may also impact other cellular parameters important to its function, such as its subcellular location or its stability. For instance, hyper-phosphorylation of the regulatory domain of the transcription factor, nuclear factor of activated T cells 1 (NFAT1), promotes electrostatic interactions between negatively-charged phosphate groups and positively-charged Lys/Arg residues found within a conserved nuclear localization sequence (NLS) (Okamura et al., 2000). These interactions induce conformational changes in the regulatory region that effectively mask NFAT1's NLS, leading to a predominantly cytoplasmic distribution prior to dephosphorylation by the Ca2+/calmodulin-dependent protein phosphatase, calcineurin (CaN).

In the previous example, the phosphorylation status of NFAT1 determines whether its NLS is sterically blocked by the regulatory region or exposed to the cellular environment. This is important because the NLS is, itself, a site of interaction with importin family members involved in nucleocytoplasmic shuttling (Marfori et al., 2011). In fact, many phosphorylation-dependent conformational changes are believed to regulate protein–protein interactions. In some instances, such as for the NFAT1-importin and RyR-calbastin 2 interactions described above, the phosphate group(s) is not directly involved in mediating interactions with partner proteins. In contrast, many phosphorylation-dependent interactions rely upon direct recognition of phosphorylated residues by a diverse set of phosphoamino acid binding domains (PAABDs). For instance, many members of the SCF family of ubiquitin E3 ligases associate with their substrates via either Trp-Asp 40 (WD40) or leucine-rich repeat (LRR) PAABDs that specifically bind pSer/pThr residues located in phosphodegrons (Ho et al., 2006; Reinhardt and Yaffe, 2013). Phosphorylation-dependent interaction of SCF family members leads to ubiquitylation and subsequent degradation of the substrate by the 26S proteasome. In this way, phosphorylation serves as a key upstream signal which influences protein stability.

Over the past 20 years, many PAABDs, each exhibiting distinct substrate specificities and binding affinities, have been characterized. These include PAABDS that exclusively recognize either pTyr residues or pSer/pThr residues, as well as others that exhibit dual specificity, interacting with the phosphate monoester of all three hydoxyamino acids (Liao et al., 1999; Jin and Pawson, 2012; Reinhardt and Yaffe, 2013). While most pTyr binding domains fall within two large families: (1) the Src homology 2 (SH2) domain family (~120 distinct members) and (2) the phosphotyrosine binding (PTB) domain family (~27 distinct members) (Yaffe, 2002; Liu et al., 2006; Jin and Pawson, 2012), the diversity of pSer/pThr PAABD's is much greater. Indeed, as a testament to the prevalence of Ser/Thr phosphorylation in eukaryotes, 14 distinct families of PAABDs that recognize pSer/pThr residues have been described to date (Jin and Pawson, 2012). Such a large number of distinct PAABD families suggests that phosphorylation-dependent interactions are a widely employed means of regulating protein–protein interactions inside cells.

Together, phosphorylation-dependent changes in protein function, be it through modulation of enzymatic activity, changes in sub-cellular localization, alterations in protein stability, or regulation of protein–protein interactions (or a combination thereof), plays a major role in regulating cellular physiology. Therefore, it is important to understand what factors influence protein phosphorylation inside cells.

FACTORS INFLUENCING PROTEIN PHOSPHORYLATION INSIDE CELLS

Inside the cell, the phosphorylation status of a particular phosphorylation site (phosphosite) is determined by the equilibrium between kinase-mediated phosphorylation, in the one direction, and phosphatase-mediated dephosphorylation in the other direction1. In order for a kinase to act on a cellular protein, several criteria must be met. For instance, a kinase and its substrate(s) must be expressed in the same cell and at the same time during development. This often involves several levels of control, including transcriptional regulation (e.g., control of gene expression), post-transcriptional regulation (e.g., regulation of mRNA stability) and modulation of protein levels (e.g., regulation of protein stability). Diverse and complementary experimental approaches have been developed to monitor these parameters, including reporter gene assays to track changes in transcriptional activation at a given promoter (Roura et al., 2013; van Rossum et al., 2013; Khan et al., 2014), quantitative real-time PCR (qPCR) and expression microarrays to measure the relative levels of mRNA transcripts (Skrzypski, 2008; Gorreta et al., 2012), and western blot analysis and fluorescent imaging techniques to measure changes in protein abundance over time (Wiechert et al., 2007; Chao et al., 2012). Though a comprehensive discussion of these techniques is beyond the scope of this review, the interested reader is referred to several recent reviews (Wilkins, 2009; van Rossum et al., 2013).

In addition to being co-expressed, a protein kinase and its substrate must physically interact with one another in order for phosphorylation to occur. Therefore, information about protein localization and protein–protein interactions is critical in determining whether a given kinase-substrate relationship (KSR) is likely to occur under physiological conditions. Traditionally, researchers have employed biochemical approaches to obtain this information. For instance, subcellular fractionation, generally achieved via differential centrifugation through a density gradient, has long been used to separate cellular organelles. When combined with western blot analysis, cellular fractionation is an effective means of determining the subcellular localization of a particular protein species. More recently, fluorescence imaging techniques, such as immunofluorescence and live cell imaging, have offered insights into the subcellular localization of proteins without disrupting the cellular architecture. Importantly, in the case of live cell imaging, dynamic changes in the subcellular distribution of a fluorescently tagged protein can be visualized in real-time within single cells. The advent of real-time super-resolution microscopy techniques based on photoswitchable fluorescent proteins (FPs) has dramatically increased the resolution afforded by live cell fluorescence imaging experiments (reaching ~20 nm resolution in living cells compared to >200 nm using standard fluorescence imaging) (Dedecker et al., 2012; Agrawal et al., 2013; Persson et al., 2013). While, in theory, this resolution permits the visualization of several structures important for cellular signaling, such as membrane microdomains (Honigmann et al., 2013) and large protein complexes (Biggs et al., 2011), it is still not sufficient to detect most protein–protein interactions directly. Instead, this information can be attained in several ways, as briefly summarized below.

Perhaps the most popular method for assaying protein–protein interactions is co-immunoprecipitation (co-IP). The immunoprecipitation step can be achieved using antibodies raised against either a specific protein-of-interest or an epitope tag, such as the hemagglutinin (HA)- or tandem affinity purification (TAP)-tags (Puig et al., 2001). Therefore, co-IPs can be used to detect interactions that occur in different cell types, ranging from naïve primary cells to transfected and/or genetically engineered cells. When coupled with quantitative tandem mass spectrometric (MS/MS) analysis (see Section “Top-Down” Methodologies: In situ Identification of Phosphosites), co-IP assays can yield a wealth of information about protein–protein interactions that occur under various cellular conditions. However, because many protein interactions occur in the context of multimeric protein complexes, in the absence of cross-linking agents, co-IPs do not provide definitive information about direct protein–protein interactions. Moreover, because the cells must be lysed prior to immunoprecipitation, weak and transient interactions are often missed using this approach.

In contrast, yeast two-hybrid analysis, which generally detects binary interactions, is able to detect both weak and strong interactions alike. However, it is important to note that, because both the bait and the prey proteins must be localized to the nucleus using this approach, interactions often occur within a cellular context much different from the one normally encountered by the proteins under study. Moreover, if the interaction is dependent upon post-translational modifications, such as phosphorylation or acetylation, the modification may not actually occur in yeast. In fact, this may be the case even if an ortholog of the appropriate modifying enzyme (e.g., the orthologous kinase or acetyl transferase) is present in yeast. Indeed, we and others have recently reported that many KSRs are not conserved between yeast and humans, despite the presence of orthologous kinase-substrate pairs (Mok et al., 2011; Hu et al., 2014).

Therefore, to directly visualize protein–protein interactions within the native cellular environment, several fluorescence imaging techniques have been developed (Ciruela, 2008; Shekhawat and Ghosh, 2011; Stynen et al., 2012). These include approaches based on fluorescence resonance energy transfer (FRET) between fluorescently tagged proteins (Padilla-Parra and Tramier, 2012; Zadran et al., 2012; Sun et al., 2013) as well as protein complementation assays (PCA), which rely on the interaction-dependent reassembly of N- and C-terminal fragments of FP color variants (Ciruela, 2008; Shekhawat and Ghosh, 2011). Not only do these techniques allow protein–protein interactions to be observed in many subcellular regions, but they also can be conducted in cell types (e.g., mammalian cells) that place the interacting proteins in the context of their endogenous regulatory networks.

Together, gene expression, subcellular localization and protein–protein interaction data can be used to construct extensive interaction networks that offer global information about the interactome under different cellular conditions (Pastrello et al., 2014). This information can be very useful in predicting KSRs that are likely to occur inside cells. For instance, protein–protein interactions, be they direct or indirect (e.g., those mediated by scaffold proteins), appear to be one of the strongest predicators of physiologically relevant KSRs (Newman et al., 2013). This is likely due to the key role that protein–protein interactions play in substrate selection, which is discussed below.

SUBSTRATE SELECTION: IDENTIFYING THE CELLULAR TARGETS OF PROTEIN KINASES AND PHOSPHATASES

It is currently believed that ~40% of the proteins in the human proteome are phosphorylated at some point during their lifetime. By extension, since a given protein often contains multiple phosphorylation sites, the total number of phosphosites in the human proteome has been estimated to be ~100,000 sites (Zhang et al., 2002; Dephoure et al., 2013). Therefore, simply cataloging the complete complement of phosphosites in the human proteome, irrespective of their dynamic regulation or their functional consequences, is a seemingly daunting task. This task is made even more challenging by the fact that, in many cases, the phosphorylated form of a protein represents only a very small fraction of the total copies of that protein species inside the cell. That being said, while phosphosite identification is extremely important, simply knowing which sites are phosphorylated inside the cell only tells half of the story. Indeed, if we are to truly understand how dynamic phosphorylation networks are organized and regulated inside cells, it is important to know which kinases are actually mediating the phosphorylation event.

Therefore, to construct comprehensive maps of cellular phosphorylation networks, researchers have developed a series of experimental approaches that can be broadly grouped into two complementary categories, which we will refer to as “top-down” and “bottom-up” methodologies2. While “top-down” approaches begin at the cellular level and work their way down to the protein level, “bottom-up” approaches begin at the protein level and work their way up to the cellular level. Below, we describe each category and highlight how they can be used together to gain global insights into cellular phosphorylation networks.

“BOTTOM-UP” METHODOLOGIES: IN VITRO ANALYSIS OF KINASE-SUBSTRATE RELATIONSHIPS

In “bottom-up” approaches, biochemical analysis of individual kinase-substrate pairs is carried out in vitro using purified protein components. Traditionally, phosphorylation is detected using either autoradiography or scintillation counting following incubation of the kinase-of-interest with a single substrate and radiolabeled ATP (e.g., [γ32P]-ATP or [γ33P]-ATP). In order to identify the site(s) of phosphorylation on the substrate, the initial screen is often followed by mutational analysis of putative phosphorylation sites. Due to safety concerns associated with radioactive assays and the high cost of radioisotope disposal, several non-radioactive assays have been developed based on alternative detection methods (Glickman, 2012). In many cases, these methods employ coupled enzymatic reactions that measure activity-dependent depletion of ATP. On the other hand, the development of generalizable phospho-detection reagents, such as highly sensitive anti-pTyr antibodies or biotinylated Phos-Tag phosphochelators (see discussion in Section “Top-Down” Methodologies: In situ Identification of Phosphosites below), allows direct visualization of phosphorylation on protein substrates using fluorescent or chemiluminescent detection methods (Kinoshita et al., 2004, 2012a).

Regardless of the detection method employed, detailed biochemical analysis can offer a wealth of information about individual KSRs, including the kinetics of the phosphorylation reaction, the site(s) of phosphorylation and, in some cases, the functional consequences of phosphate addition. Each of these parameters is important for understanding how phosphorylation-dependent signaling is achieved inside cells. However, due to the time that it takes to fully characterize a single KSR, traditional biochemical approaches are not well suited to high-throughput analysis. Therefore, to increase the rate of KSR discovery, researchers have developed phosphorylation assays based on functional protein microarrays (Ptacek et al., 2005; Mok et al., 2009; Popescu et al., 2009; Newman et al., 2013).

Functional protein microarrays are composed of thousands of individually purified recombinant proteins immobilized in discrete spatial locations on a functionalized glass surface (Hu et al., 2011; Sutandy et al., 2013). While several surface chemistries have been used to immobilize the purified proteins [e.g., polyvinylidene fluoride (PVDF), nitrocellulose, streptavidin and acrylamide] (Hu et al., 2011), bi-functional cross-linking agents, such as functionalized aminosilane and carboxylic esters, are generally preferable for phosphorylation assays due to their relatively low background signal (Mok et al., 2009). On the microarray, each individual protein is printed multiple times (typically in duplicate or triplicate) to ensure “on-chip” reproducibility and to guard against signal artifacts that can arise due to incomplete washing or experimental variation (Figure 1A). Because each spot on the array typically contains only a few femtograms of protein, sensitive detection methods are necessary to visualize phosphorylation. Moreover, since each protein occupies a defined position on the array and many proteins can potentially be phosphorylated in the same experiment, direct visualization of phosphorylation using either radioactive ATP or specific phospho-detection reagents (e.g., pTyr antibodies) is essential.
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FIGURE 1. Identification of KSRs using functional protein microarrays. (A) Functional protein microarrays are composed of thousands of purified proteins immobilized on a functionalized glass surface. Each protein is printed in duplicate and in a defined location on the array. (B) Basic workflow for a phosphorylation assay using functional protein microarrays. Individual microarrays are first blocked and then incubated with the kinase-of-interest (KOI) in the presence of [γ32P]-ATP. Following incubation, the microarrays are washed extensively to remove unincorporated [γ32P]-ATP, dried and exposed to high-resolution X-ray film. Autoradiograms are then scanned and scored before being subjected to bioinformatics analysis to identify those KSRs that are likely to occur inside the cell. (C) Autoradiogram from a typical phosphorylation assay. Duplicate spots that each exhibit a normalized signal intensity 3 SD above the mean (green boxes) are considered positive hits. General kinase substrates, such as histone H3 and H4, printed in each block (blue boxes) are used as landmarks to orient the grid during scoring.



During a standard phosphorylation assay, each protein microarray is incubated with an active form of the kinase-of-interest in the presence of radioactive ATP (Figure 1B). Following incubation, the microarray is washed several times and dried by centrifugation before finally being exposed to high-resolution X-ray film for several hours or several days (Figure 1C). The resulting autoradiogram is then converted to a digital image and scored using image analysis software such as GenePix 6.0 (Axon, Inc.). General kinase substrates (e.g., histone H3 and H4) and/or kinases that undergo autophosphorylation are used as “landmarks” to align grids during scoring. In addition to the experimental arrays, it is important that each batch of experiments includes a negative control in order to identify those proteins that undergo autophosphorylation. Along with the landmarks, these species can also be useful for orienting the scoring grid during alignment. Using this protocol, a team of two researchers in our lab is able to conduct up to 144 phosphorylation assays per day, with each assay probing thousands of potential substrates. In this way, a large number of KSRs can be identified in a relatively short period of time. For instance, using high-density protein microarrays composed of 2158 unique proteins from Arabidopsis thaliana, Popescu and colleagues identified 570 substrates for 10 mitogen-activated protein kinase (MAPK) family members (Popescu et al., 2009). Likewise, we were able to identify over 24,000 in vitro substrates for 289 unique human kinases (Newman et al., 2013). While the latter studies used microarrays containing 4191 unique human proteins (Hu et al., 2009), the recent development of a high-density human protein microarray composed of 16,368 unique human proteins (representing over 80% of the human proteome) creates exciting new opportunities for KSR discovery at a global scale (Jeong et al., 2012).

Due to the large number of phosphorylated species generated during a typical microarray phosphorylation assay, sophisticated statistical analyses are often required to identify those substrates that constitute positive “hits.” First, the signal intensity of each protein spot is measured and subjected to some form of background correction, be it background subtraction or ratiometric analysis (e.g., calculation of the foreground/background ratio) (Ptacek et al., 2005; Popescu et al., 2009; Newman et al., 2013). To eliminate spatial artifacts that can arise due to uneven washing or drying of the microarray, local background correction is often preferable to global correction (Hu et al., 2009). If the normalized signal intensity for each of the replicate spots is above a predefined threshold [e.g., >3 standard deviations (SD) above the mean intensity on the microarray], then the protein is considered a putative substrate. However, it is important to note that, because both the kinase and the substrate are removed from the cellular environment, a positive result in vitro does not guarantee that the KSR actually occurs under physiological conditions. Bioinformatics analysis can help curb this limitation by identifying “high confidence” KSRs that are likely to occur inside the cell. Here, accurate gene ontology (GO) data, such as that obtained using the approaches outlined in Section Factors Influencing Protein Phosphorylation Inside Cells, is a valuable resource for determining whether a given cellular protein is likely to be phosphorylated by its cognate kinase in vivo.

Though necessary to eliminate false positives, the use of a stringent cutoff during KSR identification likely results in a relatively high false negative rate, as well (estimated to be ~95%, in some cases) (Newman et al., 2013). For instance, because the number of phosphosites for a given kinase varies from protein to protein, a substrate that contains only one phosphorylation site for a given kinase will exhibit a lower normalized signal intensity on the array than a protein that contains multiple sites for the same kinase. If the signal intensity of the first substrate falls below the threshold determined for the chip, then that substrate would not be considered a hit even though it is a bona fide substrate of the kinase (which likely would have been classified as such had the experiment been conducted using the purified kinase and substrate in isolation). Indeed, we have observed that known KSRs are sometimes absent from the final hit list. Visual inspection often reveals that this is not because the substrate is not actually phosphorylated on the microarray; rather it is because its normalized signal intensity does not exceed the stringent cut-off required to be considered a positive hit. Likewise, variations in protein abundance on the microarray or impairment of kinase-substrate interactions due to misfolding or truncation of the substrates during purification can bias KSR identification. Importantly, KSRs that are dependent on auxiliary factors, such as scaffolding proteins, co-factors, or post-translational modifications, may be missed all together using functional protein microarrays and other “bottom-up” approaches.

Therefore, as a complementary approach to the phosphorylation assays described above, protein microarray assays have been developed using cell lysates. For instance, Woodard et al. recently developed an assay platform that uses functional protein microarrays to measure phosphorylation profiles in whole-cell lysates obtained from cell or tissue samples (Woodard et al., 2013). This platform, which is similar to the phosphorylation assays described above except whole cell lysates are substituted for the purified kinase, revealed changes in the phosphorylation profiles of immortalized U373 cancer cells and gliablastoma tumors upon hepatocyte growth factor (HGF)-mediated activation of the c-Met signaling pathway. One of the primary advantages of this platform is that it more closely mirrors the cellular environment under which KSRs occur. For instance, because lysate assays preserve many of the elements of intact signaling networks, such as the endogenous levels of proteins, co-factors, second messengers, and inhibitors, while also maintaining protein complexes involved in signal transduction, they can offer insights into global changes in phosphorylation networks under different cellular conditions. Indeed, in addition to proteins known to be associated with the c-Met pathway, these analyses identified over 400 proteins that are likely influenced by HGF/c-Met signaling (Woodard et al., 2013). Moreover, the profiles obtained from these assays may be useful for biomarker discovery. Therefore, this approach has the potential to be a powerful diagnostic tool for rapid, cost-effective screening.

Similarly, reverse phase protein microarrays (RPPA) represent powerful tools for tracking changes in phosphorylation profiles across samples. Unlike the functional protein microarrays described above, RPPA fabrication entails the immobilization of cell lysates or tissue extracts on the functionalized glass surface. The arrays are then probed with an antibody specific for the epitope-of-interest (e.g., a particular phosphosite) to assess changes in its expression levels or phosphorylation status under different conditions. Because each spot contains only a few nanoliters of lysate, many arrays (each containing lysates derived from tens to thousands of unique samples) can be prepared using only a small amount of starting material (Pierobon et al., 2014). The microarrays can then be probed simultaneously, allowing a large number of analytes to be tested in parallel while reducing the effects of inter-assay variability. As a consequence, RPPA-based assays have been widely applied to the study of phosphorylation profiles in clinical samples. For instance, Ummanni et al. recently employed RPPA assays to probe the expression levels and phosphorylation status of 71 cancer-associated proteins in 84 non-small cell lung cancer cell lines (Ummanni et al., 2014). Interestingly, they found that the sensitivity toward the EGFR inhibitors, lapatinib and erlotinib, correlated more closely with EGFR/ERBB2 phosphorylation than with receptor expression levels. This was not the case for sensitivity toward the SRC/BCR-ABL inhibitor, dasatinib, which instead correlated with expression of proteins downstream of EGFR/ERBB2. Of course, a significant limitation of the RPPA approach is its dependence on the specificity and avidity of commercially produced antibodies. As the toolkit of reliable phosphospecific antibodies grows, so too will the utility of this approach.

It is important to note that, because many kinases are present in lysates simultaneously, the identity of the kinase actually mediating the phosphorylation of a given substrate cannot be definitively established using lysate-based approaches. Therefore, lysate-based assays should be considered orthogonal to assays using purified kinases. The same is true for other “top-down” approaches, as described below.

“TOP-DOWN” METHODOLOGIES: IN SITU IDENTIFICATION OF PHOSPHOSITES

“Top-down” approaches to substrate identification are designed to measure changes in the phosphorylation status of cellular proteins upon activation/inhibition of endogenous signaling pathways. Traditionally, this has been achieved using polyacrylamide gel electrophoresis (PAGE)-based methods (Figures 2A,B). Following cell lysis, the protein-of-interest is either immunoprecipitated or the whole cell lysate is loaded directly onto the gel. Separation is generally achieved via either one- or two-dimensional PAGE. In the case of one-dimensional PAGE, electrophoresis through a denaturing gel is often followed by western blot analysis to visualize the phosphorylation status and/or the migration pattern of the protein-of-interest (Figure 2A). If a phosphospecific antibody exists for the phosphosite under study, changes in phosphorylation levels at that site can be assessed directly by comparing the intensities of the bands before and after treatment (Figure 2AI). However, because phosphorylation can impact protein stability inside the cell, the signal intensities obtained using phosphospecific antibodies must be normalized to the amount of target protein in each lane (e.g., by using an antibody raised against the unphosphorylated form of the protein). If a phosphospecific antibody does not exist (as is often the case) or the specific site of phosphorylation is not known, the phosphorylation status of proteins may still be assayed using general phospho-detection reagents, such as Pro-Q Diamond (Life Technologies, Inc.) or the Phos-Tag phosphochelator, or based on changes in the electrophoretic mobility of the protein (Figures 2AII,III). In the case of the latter, it is believed that the high charge density of the phosphate monoester prevents the uniform binding of negatively charged SDS molecules in the vicinity of the phosphate group, causing some phosphorylated proteins to migrate more slowly than their unphosphorylated counterparts (Gafken and Lampe, 2006). For instance, using a library of epitope-tagged proteins, the Matsuda group profiled changes in the electrophoretic mobility of each of the proteins in the S. pombe proteome (Shirai et al., 2008). While this study did not focus specifically on phosphorylation, the authors noted that nearly 42% of the proteins in the S. pombe proteome migrated at a molecular weight that was significantly different from their calculated molecular weight (with ~28% of the proteins migrating at a higher-than-expected MW).
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FIGURE 2. “Top-down” approaches to assess changes in the phosphorylation status of cellular proteins. (A) Approaches based on 1D PAGE. I Western blot analysis using an antibody that specifically recognizes a particular phosphosite. To account for phosphorylation-dependent changes in protein stability, the signal must be normalized to that obtained using an antibody that recognizes the unphosphorylated form of the protein-of-interest (below); II Detection using a general phosphorylation detection reagent, such as Pro-Q Diamond or the Phos-Tag phospho-chelator; III Phosphorylation of some proteins can be assessed based on changes in their electrophoretic mobility through a standard SDS-PAGE gel; IV Phos-Tag electrophoresis allows detection of a wide range of phosphorylation events, often resulting in a ladder corresponding to multiply phosphorylated species (1P, 2P, 3P, etc.). (B) Approaches based on 2D-PAGE. The general workflow of a 2D-DIGE experiment is shown. Accordingly, lysates from treated (Sample A) or untreated (Sample B) cells are first labeled with size- and charge-matched fluorescent dyes, such as Cy3 and Cy5, before being pooled together. A third sample, composed of both lysates labeled with a third dye (e.g., Cy2), may also be included as an internal reference. The pooled samples are then resolved on a 2D-PAGE gel, which generally uses IEF in the first dimension to separate cellular proteins based on their pI's followed by SDS-PAGE in the second dimension to separate the proteins based on size (HMW, high MW; LMW, low MW). Composite spots [e.g., Cy3 (green) and Cy5 (red)] are shown in yellow. Meanwhile, cellular proteins that are uniquely phosphorylated in the treated sample exhibit a spot train moving from right to left (e.g., boxes 1–4) while those proteins that are dephosphorylated under the experimental conditions are characterized by a spot train that moves in the opposite direction (e.g., box 5). The number of spots in the train corresponds to the number of phosphosites that are occupied in the protein (i.e., four spots represents four phosphorylation events). The intensity of each spot in the train can be used to gauge the relative levels of each phosphorylation state under each condition. (C) Approaches based on MS/MS. The basic workflow for a SILAC experiment is shown. To metabolically label proteins, cells are grown in the presence of either a “heavy” isotope of a particular amino acid (e.g., 13C-Arg) or its “light” counterpart (e.g., 12C-Arg). Cells are then pooled and lysed. Cellular proteins are resolved by 1D SDS-PAGE before being digested in the gel by an Arg/Lys-directed protease, such as trypsin. Peptide fragments in individual gel slices (represented by either parallelograms, circles, triangles, or pentagons) are then electro-eluted and phosphorylated species are enriched using one of several phospho-enrichment strategies outlined in the text. Phosphopeptides are then resolved by reverse-phase liquid chromatography (LC) and ionized by electrospray ionization (ESI) before being analyzed by in-line MS/MS. In the MS spectrum, fragments containing heavy isotopes are off-set by a known amount (e.g., 6 Da for 13C-Arg), allowing quantitation based on the relative intensity of each peak. The identity of individual peaks is determined based on the MS/MS spectrum.



However, it is important to note that not all proteins exhibit an observable mobility shift upon phosphorylation. Therefore, to accentuate phosphorylation-induced changes in mobility in an unbiased manner, Kinoshita and colleagues recently developed several methodologies based on so-called Phos-Tag technologies (Kinoshita et al., 2004, 2012a,b; Tsunehiro et al., 2013). Phos-Tags, which are alkoxide-bridged dinuclear metal complexes, have been shown to selectively bind phosphate monoesters in a sequence-independent manner (Kinoshita et al., 2004). When conjugated to a gel matrix such as acrylamide, the Phos-Tag effectively slows the migration of any species containing a phosphate monoester, leading to a discernable shift in its mobility (Kinoshita et al., 2012b) (Figure 2AIV). Consistent with the notion that many proteins are multiply phosphorylated inside the cell, a ladder of clearly distinguishable bands is often observed using Phos-Tag electrophoresis. Though several studies have used Phos-Tag technologies either to profile the phosphorylation status of select substrates (Kinoshita et al., 2009; Aguilar et al., 2011; Kinoshita-Kikuta et al., 2012) or to validate substrates identified by other methods (Mukai et al., 2008; Deswal et al., 2010; Mok et al., 2010; Huang et al., 2014; Yip et al., 2014), to date Phos-Tag electrophoresis has not been applied to large-scale proteomic analyses. It will be interesting to compare the results of such studies with those obtained using standard 1D SDS-PAGE—such as the one conducted by Matsuda et al. in S. pombe (Shirai et al., 2008)—as well as with those that utilize 2D-PAGE, as described below.

In addition to one-dimensional PAGE, 2D-PAGE is can also be used to assess the phosphorylation status of cellular proteins. In a 2D-PAGE experiment, proteins are typically separated via isoelectric focusing (IEF) in the first dimension followed by SDS-PAGE in the second dimension (though other separation strategies have also been successfully combined) (Camacho-Carvajal et al., 2004; Kinoshita et al., 2009) (Figure 2B). Because the negative charge of the phosphate monoester causes a reduction in the pI of the protein, the migration of the phosphorylated species is altered during IEF. Separation in the second dimension therefore leads to clearly discernable spot trains along the vertical or horizontal axes, corresponding to differentially phosphorylated species. When coupled with western blot analysis, 2D-PAGE can offer insights into either the phosphorylation status of a specific cellular protein or global changes in phosphorylation across the entire proteome (e.g., changes in Tyr phosphorylation). Alternatively, proteins can first be stained with a contrast agent, such as Coomassie dye or silver stain, then excised from the gel, and sequenced using either Edman sequencing or quantitative MS/MS.

One of the greatest strengths of 2D-PAGE is that it simultaneously offers insights into the relative expression levels and post-translational modifications of intact cellular proteins. At the same time, this also highlights one of its limitations with respect to phosphosite identification. Indeed, because phosphorylated proteins are often present at relatively low levels inside cells, many phosphoproteins can be missed using this approach. In some cases, this limitation can be overcome through the use of sensitive phosphodetection reagents, such as radioactive ATP or phosphospecific antibodies, or through phosphoprotein enrichment procedures, such as immobilized metal affinity chromatography (IMAC) using trivalent metal ions such as Fe3+ and Ga3+ (Posewitz and Tempst, 1999; Kosako and Nagano, 2011). Likewise, subcellular fractionation can be used to examine the phosphorylation profiles of proteins within specific subcellular compartments (Stasyk et al., 2007).

To gain insights into differential phosphophorylation of cellular proteins using 2D-PAGE, two sets of lysates must be compared (e.g., cell extracts from healthy vs. diseased cells). However, due to inherent technical obstacles stemming from gel-to-gel variability and differential staining of proteins, cross-gel comparisons are often difficult using this approach. To address these limitations, researchers have developed 2D-differential gel electrophoresis (2D-DIGE) methodologies (Minden, 2012) (Figure 2B). In a 2D-DIGE experiment, spectrally distinct, charge-matched fluorescent dyes, such as Cy3 and Cy5, are used to label the proteins in individual lysates. The two lysates, each labeled with a distinct dye, are then mixed and examined by 2D-PAGE. Because 2D-DIGE permits the analysis of multiple lysates on a single gel, direct comparison between different experimental conditions is relatively straightforward. Moreover, due to their high intrinsic brightness, the fluorescent dyes used for labeling are well-suited for the detection of low abundance protein species (Mujumdar et al., 1993; Kosako and Nagano, 2011). Importantly, quantitation of the fluorescence intensity of each spot also allows relative levels of phosphorylation to be measured directly. Using this approach, Pellegrin et al. conducted a proteome-wide analysis of primary erythrocytes undergoing apoptosis following erythropoietin withdrawal (Pellegrin et al., 2012). These studies revealed changes in both protein abundance and the phosphorylation profiles of many important cellular proteins, including several heat shock protein 90 (Hsp90) isoforms.

Despite the improved sensitivity and analytical power afforded by 2D-DIGE, methods based on 2D-PAGE are still only able to identify changes in a few hundred proteins at a time (Choudhary and Mann, 2010). This makes it difficult to gain a truly systems-level view of phosphorylation networks, where thousands of different cellular proteins may be phosphorylated at any given time. In this respect, the development of shotgun proteomics approaches based on MS/MS has been truly revolutionary. Indeed, studies employing shotgun MS/MS have recently led to an explosion in the number of annotated cellular phosphorylation sites, opening new avenues of research in systems biology.

Like the other “top-down” approaches discussed above, MS-based detection of phosphosites requires cell lysis prior to analysis. Following lysis, proteins are generally resolved by a separation technique suitable to the sample volume to be analyzed (e.g., SDS-PAGE or column chromatography) and digested using an Arg/Lys-directed protease, such as trypsin, chymotrypsin or lysyl endopeptidase (Figure 2C). Phosphopeptides are then enriched using one of several phosphoenrichment procedures discussed below. The enriched phosphopeptides are separated by reverse-phase liquid chromatography (LC) before being ionized by electrospray ionization as they elute from the column. Finally, the ionized peptides are loaded onto an in-line mass analyzer for analysis. In the case of MS/MS, two mass analyzers, for example an ion trap instrument and an orbitrap instrument, are often used in tandem to increase the resolution of detection3. In this scheme, the first mass analyzer is used to obtain a mass spectrum of all peptides eluting from the column at a given time. Once the first mass spectrum is obtained, peptides with a specific mass-to-charge ratio (m/z) are isolated, further fragmented through high-energy interactions, and analyzed by the second mass analyzer (modern mass spectrometers can isolate individual peptides in a matter of milliseconds) (Choudhary and Mann, 2010). The tandem mass spectra obtained from these experiments are then compared against protein sequence databases or in silico peptide fragmentation spectra in order to match the peptide fragments to a corresponding cellular protein (Gafken and Lampe, 2006). A 79.97 Da increase in the mass spectrum of a peptide fragment is indicative of phosphorylation; however, it is important to note that, if multiple Ser/Thr/Tyr residues are present in close proximity to one another in a peptide, it is often difficult to unambiguously identify the site of phosphorylation.

Though MS analysis has been used for decades to analyze relatively simple mixtures consisting of a few hundred proteins, recent advances have now made possible the identification of thousands of phosphopeptides in a single study. As a consequence, MS-based studies have contributed to an unprecedented increase in the number of known phosphoproteins and phosphosites, which currently stands at just under 118,500 unique phosphosites in ~16,400 non-redundant proteins across human, mouse, and several other species [PhosphositePlus database (as of 4/13/2014)]. As we discuss below, this veritable explosion in phosphosite data has been made possible by several key technological advances in MS-based analysis of the phosphoproteome, including (1) the development of phosphopeptide enrichment methods, (2) improvements in the resolution and accuracy of mass analyzers, (3) the emergence of alternative fragmentation methods, and (4) the development of computational algorithms that allow high-confidence peptide identification and phosphosite localization. Moreover, the introduction of quantitation strategies based on isotopic labeling allows researchers to track dynamic changes in global phosphorylation profiles in response to a particular cellular stimulus. Due to the existence of a number of excellent reviews on these topics, (Choudhary and Mann, 2010; Kosako and Nagano, 2011; Johnson and White, 2012; Kinoshita-Kikuta et al., 2012; Nilsson, 2012; Ong, 2012; Rigbolt and Blagoev, 2012) here we will only highlight these innovations and briefly discuss how they have been used to gain a systems-level view of phosphorylation networks.

As alluded to above, the occupancy of many phosphosites is sub-stoichiometric. As a consequence, at any given time, only a small fraction of the total copies of a protein species are expected to be phosphorylated at a particular site. When coupled with the fact that many phosphoproteins involved in signal transduction are already expressed at relatively low levels, detection of phosphorylated species represents a major challenge to phosphosite identification. To overcome these challenges, researchers have recently developed a variety of phoshpoenrichment techniques designed to selectively bind phosphorylated peptides. In addition to the IMAC- (Andersson and Porath, 1986; Posewitz and Tempst, 1999) and Phos-Tag-based (Nabetani et al., 2009) approaches discussed above, phosphoenrichment strategies using chromatographic separation by strong cation exchange (SCX), hydrophilic interactions, or immobilized metal oxides, such as titanium dioxide (TiO2) and ziroconium dioxide (ZrO2), have also been successfully combined with MS/MS for phosphosite identification (Ruprecht and Lemeer, 2014; Yang et al., 2014). Likewise, immunopurification using phosphospecific antibodies, such as anti-pTyr antibodies or antibodies raised against the phosphorylated form of the consensus phosphorylation motif of a kinase-of-interest (Zhang et al., 2002), provide information about phosphorylation on a particular type of residue (e.g., Tyr) or in a particular sequence context (e.g., a kinase consensus motif), respectively. Due to their high degree of enrichment and ease of use, IMAC- and metal oxide-mediated enrichment strategies are currently the most popular methods for phosphoproteomic analysis. However, these methods are also prone to non-specific interactions with acidic peptides containing a disproportionate number of Asp and Glu residues. Therefore, it is sometimes necessary to combine one or more enrichment methods prior to analysis by LC-MS/MS.

In addition to the development of phosphoenrichment methods, improvements in the resolution and mass accuracy of modern mass analyzers have greatly improved our ability to detect phosphosites in complex mixtures. For instance, whereas standard ion trap mass spectrometers can typically resolve a few hundred to a thousand individual peptides as they emerge from the reverse phase column, modern time-of-flight (TOF) and orbitrap instruments exhibit a mass resolution of 20,000 and 100,000, respectively. Moreover, these instruments exhibit mass accuracies in the low parts-per-million, dramatically improving the coverage that can be achieved in a single experiment. Together, the increased resolution and mass accuracy afforded by modern mass spectrometers allows much more complex mixtures to be analyzed at once, markedly improving both the throughput of a given experiment and the confidence in the resulting peptide assignments.

One of the primary challenges in phosphosite detection is preservation of phosphorylation during peptide fragmentation. This is because collision-induced dissociation (CID) methods, which accelerate the ionized peptides in a collision cell and then bombard them with inert gases such as helium, nitrogen, or argon, tend to cause the cleavage of the phosphate monoester linkage on hydroxyamino acid residues (Kosako and Nagano, 2011). The development of “phosphate-friendly” fragmentation methods, such as higher energy collisional dissociation (HCD) (Olsen et al., 2007), electron capture dissociation (ECD) (Zubarev et al., 2000), and electron transfer dissociation (ETD) (Syka et al., 2004), permits efficient fragmentation without cleavage of the phosphoester bond. As a consequence, more phosphosites will be preserved and available for detection. Importantly, because the fragmentation mechanisms used by ETD and CID are complementary, these methods can be used together to improve identification of phosphopeptides (Na and Paek, 2014).

Once mass spectra are generated, peptide sequences are typically identified by comparing the spectra with databases specific for the species under study. A number of currently available database search algorithms, such as MASCOT, SEQUEST, X!Tandem, and the Open Mass Spectrometry Search Algorithm (OMSSA), (Eng et al., 1994; Perkins et al., 1999; Craig and Beavis, 2003; Geer et al., 2004) are amenable to the identification of phosphorylated peptides. In general, these algorithms compare the experimentally determined mass spectra to theoretical fragmentation spectra generated in silico. Various scoring metrics are then used to determine the likelihood that a given match represents a bona fide phosphorylation event.

In addition to database searches, de novo sequencing approaches have also been developed. Unlike database searches, which are restricted by available sequence data, modern de novo approaches, such as DeNovoPTM, (He et al., 2013) infer the amino acid sequence (and any modifications thereto) directly from the MS/MS spectrum. Consequently, they are able to detect modifications in mutated proteins that may otherwise be missed. However, because de novo approaches are highly dependent on the quality of the spectral data, they are often prone to errors caused by incomplete or random fragmentation patterns (Na and Paek, 2014). To overcome these limitations, hybrid methods have been developed that conduct the database search using short sequence tags composed of two to four amino acids (determined by de novo sequencing). The use of sequence tags, which are less sensitive to sequencing errors than complete de novo sequencing, can dramatically reduce the database search time by reducing the search space to only a few candidate peptides that contain the sequence tag. By comparing the experimentally determined mass spectra with the theoretical spectra associated with the sequence tag, hybrid approaches have the potential to rapidly identify phosphorylation events on peptides (as well as many other modifications).

However, as alluded to above, in many cases a phosphorylated peptide may contain multiple phosphorylatable residues. In these cases, the unambiguous assignment of phosphosites is a non-trivial task. Therefore, to facilitate phosphosite identification, programs such as MASCOT and MSQuant include algorithms that assign a confidence score to each Ser, Thr, and Tyr residue present in a peptide sequence. Similar algorithms, such as the Ascore algorithm, can also be applied to MS spectra to facilitate phosphosite identification (Beausoleil et al., 2006; Olsen et al., 2006; Savitski et al., 2011).

Finally, due to the complex nature of biological samples and the run-to-run variations that can occur at several steps in the fractionation/detection protocol, traditionally it has been difficult to monitor changes in the phosphorylation status of cellular proteins using MS/MS-based approaches. However, the development of quantitative MS methods, such as stable isotope labeling of amino acids in cell culture (SILAC) (Ong, 2012) and isobaric tags for relative and absolute quantitation (iTRAQ) (Evans et al., 2012), have made it possible to directly compare phosphorylation profiles of multiple samples in a single experiment. These approaches, which rely on isotopic labeling of protein and peptide fragments, respectively, have quickly become mainstays in systems biology research.

In SILAC, two sets of cells are grown in culture media containing either a stable isotope of a particular “heavy” amino acid(s) (usually 13C-Arg and/or 13C-Lys) or its normal, “light” counterpart (Figure 2C). As a consequence, cellular proteins are metabolically labeled with either the heavy or the light isotope. Following lysis, the differentially labeled lysates are mixed together and subjected to identical digestion, separation, enrichment, and detection procedures. Meanwhile, iTRAQ and its close cousin, tandem mass tag (TMT) (Dayon and Sanchez, 2012; Jia et al., 2012), incorporate an isotopically labeled tag on peptide fragments in vitro following protease digestion. Because peptide fragments are labeled after lysis using iTRAQ and TMT, these approaches are amenable to analysis of primary cells as well as cultured cells. However, as with any in vitro reaction, care must be taken to minimize side reactions that can obscure analysis.

The power of isotopic labeling techniques stems from the fact that isotopic isomers are chemically identical—and therefore behave identically during LC-MS/MS—but can be distinguished from one another during detection due to a measurable offset between their m/z ratios (Figure 2C). As a consequence, relative changes in the phosphorylation status at a particular site can be measured by calculating the ratio of intensities between the heavy and light isotopes for each fragment. These quantitative MS approaches have proven to be powerful means of tracking system-wide changes in phosphorylation networks in a variety of cellular contexts and, as we will see in Section Computational Models of Phosphorylation Networks, provide critical information that facilitates systems-level modeling of dynamic phosphorylation networks.

Together, the advances in MS technology described above have led to the identification and, in many cases quantitative profiling, of a very large number of phosphosites that occur within the cell. Indeed, the identification of thousands, and even tens of thousands, of phosphosites in a single study is often achieved (Choudhary and Mann, 2010). For instance, in a SILAC-based experiment, Olsen et al. employed SCX/TiO2 enrichment and ion trap-orbitrap MS/MS to identify over 20,400 unique phosphorylation sites on ~6000 cellular proteins isolated from HeLa cells undergoing mitosis (Olsen et al., 2010). In addition to recovering a large percentage of known phosphosites involved in the mitotic transition, this study also uncovered nearly 10,000 previously unknown sites. More recently, Mertins et al. used an i-TRAQ-based protocol to profile ischemia-induced changes in the phosphoproteomes of human ovarian tumor and breast cancer xenograft tissues (Mertins et al., 2014). Among the >25,000 phosphosites identified in these studies, approximately one quarter of them (24%) were either up- or down-regulated in response to short periods of ischemia (<60 min). The altered phosphosites were predominantly associated with stress-response pathways, such as EGFR and MAPK pathways, suggesting that these pathways are activated at very early stages during the ischemic response.

Together, large-scale MS-based studies have greatly expanded the number of annotated phosphoproteins and phosphosites in the phosphoproteome. These data have facilitated global analysis of phosphorylation networks and provided important insights into the cellular targets of protein kinases and phosphatases. However, as alluded to above, MS/MS and other “top-down” approaches are unable to definitively match a given phosphorylation event with the upstream kinase or phosphatase. This notion is underscored by several recent studies that directly examined the interconnectedness of components within phosphorylation-dependent signaling networks. For instance, Bodenmiller et al. employed targeted gene disruption and select analog sensitive kinase (as-kinase) variants to conduct a systems-wide analysis of yeast phosphorylation networks (Bodenmiller et al., 2010). Using quantitative MS/MS, they identified over 8800 phosphorylation events that are regulated by 97 kinases and 27 phosphatases. Not surprisingly, in addition to direct KSRs, they also observed phosphorylation events that were modulated indirectly by disruption of the target kinase/phosphatase activity. Perhaps more interestingly, these analyses revealed that the number of indirect interactions greatly outnumbered the number of direct interactions, accounting for ~2/3 of the total regulated phosphorylation events in the case of kinase gene disruption. Similarly, Breitkreutz et al. generated an extensive kinase-phosphatase interaction (KPI) network in yeast and used it to examine the relationships between phosphorylation-dependent signaling modules. These studies revealed locally dense regions within the network centered around several key signaling molecules, such as the Ser/Thr phosphatase, cell division cycle 14 (Cdc14), and the Ser/Thr kinases, target of rapamycin complex 1 and 2 (TORC1 and TORC2) (Breitkreutz et al., 2010). Within this network, they also uncovered a significantly enriched kinase–kinase (K–K) interaction network that was extremely robust to fragmentation by hub deletion. A similar K–K network is highly conserved between yeast and humans (Newman et al., 2013). Together, these studies suggest that components within phosphorylation-dependent signaling networks are highly interconnected, exhibiting far less modularity than would be expected from the simple linear pathways typically used to depict cellular signaling pathways. As a consequence, modulation of a single network component (e.g., an upstream kinase) is likely to impact the phosphorylation status not only of its immediate downstream substrates, but also that of a large number of substrates that are not directly connected to the target within the network. This makes it extremely difficult to identify direct KSRs for the majority of kinases in vivo. Therefore, in addition to the identification of additional phosphoproteins and phosphosites, a major challenge in systems biology research has been to match annotated phosphosites to their upstream kinases and/or phosphatases. This requires information about phosphosites that occur under various cellular conditions, derived from “top-down” approaches, as well as information about direct KSRs, obtained by “bottom-up” approaches. To this end, several methods have been developed to integrate data obtained in vitro and in vivo to create high-resolution maps of phosphorylation networks.

COMBINED APPROACHES TO CONNECT PHOSPHOSITES TO THEIR COGNATE KINASES

Methods designed to connect phosphosites to their immediate upstream kinase(s) generally require information about consensus phosphorylation motifs (Figure 3). Traditionally, consensus phosphorylation sites have been derived from positional scanning peptide arrays (Figure 3A). For instance, positional scanning peptide arrays have been designed to identify phosphorylation motifs for Ser/Thr kinases (Chen and Turk, 2010). These arrays are composed of a collection of synthetic peptides containing a central phosphoacceptor site surrounded by degenerate positions containing equimolar amounts of 17 amino acids (Cys, Ser, and Thr are generally excluded). In each peptide, one position (encoding either one of the 20 common amino acids or pThr or pTyr) remains fixed while all other positions are varied. Each peptide mixture is then incubated with the kinase-of-interest in the presence of radioactive ATP, immobilized on a functionalized glass surface, and washed extensively. In a related approach using so-called peptide SPOT microarrays, the peptides are immobilized on a functionalized glass surface prior to incubation with the kinase-of-interest (Leung et al., 2009). After washing, the intensity of each spot is used to identify those residues that are preferred by the kinase-of-interest at a particular position relative to the phosphoacceptor site. Using this approach, consensus phosphorylation motifs have been determined for a number of important protein kinases, including PKA, Src, Akt, PIM1, and PKC.
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FIGURE 3. Identification of consensus phosphorylation motifs. (A) Determination of phosphorylation motifs using scanning peptide arrays. A library of biotinylated peptides is first synthesized in which one position is fixed (red circles) at a defined position relative to the phosphoacceptor site (green circles). The fixed position can be any of the 20 canonical amino acids, as well as pThr or pTyr. All other positions in the peptide mixture contain equimolar amounts of the canonical amino acids, excluding Ser, Thr, and Cys (blue circles). To determine the consensus motif, each peptide mixture is incubated with the kinase-of-interest (KOI) in the presence of [γ32P]-ATP before being immobilized on a streptavidin-coated membrane (right). The membrane is then washed, dried, and imaged. The resulting autoradiogram can be used to determine a consensus phosphorylation motif for the KOI based on the relative intensity of each spot in the array. (B) Consensus phosphorylation motif identification using the M3 algorithm. Known in vivo phosphorylation sites, determined primarily by MS/MS analysis, are first mapped onto each of the substrates of the KOI (e.g., CAMK2D) identified by phosphorylation assays using functional protein microarrays. M3 then uses an iterative approach to identify those residues that are enriched at each position relative to the phosphoacceptor site. The resulting matrix is used to construct a consensus phosphorylation motif for the KOI. (C) Consensus phosphorylation motif prediction using quantitative MS/MS. Cell lysates are first dephosphorylated, then incubated with the KOI and analyzed by quantitative MS/MS using phospho-enrichment. Statistically-overrepresented residues are used to construct a consensus phosphorylation motif for the KOI.



One of the primary advantages of peptide arrays for consensus phosphorylation motif discovery is that the peptides in the matrix are relatively well defined (at least to the extent that the phosphoacceptor site and the fixed position are constant and all other positions contain equimolar amounts of the other amino acids). However, because the length of the derived motif is limited by the number of residues in the peptides and post-translational modifications other than pTyr or pThr are not present in the synthetic peptides, this approach may lack important information regarding the molecular determinants of kinase specificity. Moreover, since the peptides are not in the context of the full-length protein substrate, other factors involved in substrate recognition, such as docking sites or tertiary structure, are absent. Therefore, as a complementary approach, we developed an algorithm, termed Motif discovery based on protein Microarrays and MS/MS (M3), that combines data about KSRs determined in vitro using functional protein microarrays with information about phosphorylation sites identified in vivo by MS/MS analyses (Newman et al., 2013) (Figure 3B). M3 first maps in vivo phosphorylation sites onto the each of the substrates identified on the microarray for a given kinase. It then uses an iterative approach to identify those residues that are enriched at various positions around the phosphoacceptor site. Using this approach, we predicted consensus motifs for each of the 289 unique kinases in our human kinase collection (including distinct Tyr and Ser/Thr motifs for several dual specificity kinases). When motifs generated by M3 were compared to those generated by positional scanning peptide arrays, a high degree of similarity was observed between them.

One of the greatest strengths of M3 is its flexibility. For instance, though we chose to examine 15-mers in our study in order to facilitate comparison with motifs determined using scanning peptide arrays, in theory, motifs of various lengths can be generated in a relatively straightforward manner. Likewise, because M3 includes information about the entire amino acid sequence surrounding the putative phosphoacceptor site, aside from information about which residues are preferred at a particular position, it also provides insights into which residues are disfavored at select positions. This information may be particularly useful in understanding the substrate selectivity of kinases that have very similar motifs (e.g., closely-related members of the same kinase family). That being said, because it uses an iterative approach for motif discovery, M3 requires a relatively large number of substrates/phosphosites for accurate motif prediction. Likewise, the accuracy of M3 is limited by the number of known KSRs, on the one hand, and the number of annotated in vivo phosphosites, on the other. As these data sets continue to expand, it is likely that the accuracy of M3 with continue to improve, as well.

In addition to the microarray-based strategies described above, several groups have recently developed MS/MS-based approaches for motif discovery (Huang et al., 2007; Chou et al., 2012; Kettenbach et al., 2012; Knight et al., 2012) (Figure 3C). In general, these methods rely on the phosphorylation of eukaryotic cell lysates by an active, recombinant kinase. To identify consensus motifs, the phosphorylation reaction is carried out in lysates that have previously been dephosphorylated, followed by trypsin digestion, phosphopeptide enrichment, and MS/MS analysis. Like M3, this approach benefits from the use of full-length protein substrates. However, because it is often difficult to fully dephosphorylate the lysates, the background signal may be high using this approach. Recently, Chou and colleagues described an interesting solution to this problem (Chou et al., 2012). Their approach, termed Proteomic Peptide Library (ProPeL), relies on exogenous expression of eukaryotic kinases in E. coli. Because E. coli express only two Ser/Thr kinases, ProPeL is expected to exhibit a very low background signal when examining eukaryotic Ser/Thr kinases. As a consequence, Ser/Thr phosphorylation events mediated by the kinase-of-interest should be more readily detectable. Using this approach, which uses the bacterial proteome as surrogate substrates for the kinase-of-interest, the authors accurately identified motifs for two Ser/Thr kinases, PKA and Casein Kinase II, suggesting that the use of bacterial proteins does not alter the substrate preferences of these kinases. Though it is well known that the activity of many eukaryotic kinases is poor in bacteria, the use of bacterial lysates with recombinant eukaryotic kinases could facilitate motif discovery using MS/MS-based approaches in the future.

Another attractive solution to this problem is the use of the as-kinases pioneered by Kevan Shokat's group (Bishop et al., 2001; Koch and Hauf, 2010). Analog sensitive kinases are generated by incorporating a functionally silent active site mutation into the kinase-of-interest, allowing the mutant enzyme to utilize an ATP analog that contains a bulky substituent at the N6 position (e.g., N6-benzyl-, N6-cyclopentyl-, or N6-phenylethyl-ATP). This is usually achieved by converting a bulky Met, Leu, Phe, or Thr residue in the ATP binding pocket to a smaller residue, such as Gly or Ala. Because the bulky substituent on the ATP analog cannot be used by either the wild-type version of the kinase or by the majority of other cellular kinases, incubation with the ATP analog containing radioactive phosphate at the γ-position is expected to label only direct substrates of the as-kinase. Subsequent analysis by 2D-PAGE and MS permits the identification of direct substrates. Variations on this approach, for example through the incorporation of a thiol group into the γ phosphate of the ATP analog (e.g., via [γS]-ATP4), also allow direct as-kinase substrates to be identified through thiol-dependent enrichment and MS/MS-based analysis. Based on the substrates and phosphosites identified through these analyses, a consensus phosphorylation motif for the as-kinase can be derived. It should be noted that, because the ATP analogs are not cell permeable, this approach is generally restricted to cell lysates. However, as-kinase-specific inhibitors, such as a series of 4-amino-1-tert-butyl-3-phenylpyrazolo[3,4-d]pyrimidine derivatives, can be used to specifically inhibit as-kinases in cells. In this way, indirect identification of as-kinase substrates can be achieved (though, as demonstrated by Bodenmiller et al., this approach may also identify substrates whose phosphorylation status is not directly modulated by the as-kinase Bodenmiller et al., 2010). Recently, Zhang and colleagues used a structure-guided approach to develop a series of potent inhibitors that target of a variety of as-kinases (Zhang et al., 2013). Though, to date, as-kinase variants and corresponding ATP analogs have been generated for only a subset of the kinases in the human kinome, the majority of kinases in the human kinome contain a bulky “gatekeeper” residue in the ATP binding pocket. Therefore, in theory, this approach is generally applicable to a large number of kinases.

Once a consensus motif is identified, it is possible to make predictions about which kinases are responsible for the phosphorylation event. Indeed, by combining information about consensus phosphorylation motifs with phosphosites identified by MS/MS analysis, several groups have developed computational methods to predict which kinase(s) is likely to phosphorylate a given site in vivo (Linding et al., 2007, 2008; Song et al., 2012; Newman et al., 2013). Though many of the early KSR prediction methods utilized sophisticated search algorithms, such as position-specific scoring matrices, neural networks, or support vector machines, to scan the primary amino acid sequence of a given protein for the motif-of-interest (Yaffe et al., 2001; Brinkworth et al., 2003; Blom et al., 2004; Hjerrild et al., 2004; Kim et al., 2004; Xue et al., 2005, 2006; Wong et al., 2007), these algorithms were generally more successful at identifying putative in vitro KSRs than they were at accurately predicting KSRs that actually occur inside the cell. This is due, in large part, to lack of contextual information about the kinase-substrate pair (Linding et al., 2008; Song et al., 2012). Therefore, in addition to consensus phosphorylation motifs, more recent platforms also integrate GO data, such as information about protein expression, subcellular localization, and protein–protein interactions, to improve the predictive power of the algorithms (Linding et al., 2007, 2008; Song et al., 2012; Newman et al., 2013). In this way, extensive phosphorylation networks have been constructed that connect cellular substrates and/or phosphosites to their immediate upstream kinase(s). Though still in their infancy, the utility of these methods has grown considerably in recent years. For instance, using current data about validated in vivo KSRs, the true positive rate of the NetworKIN algorithm, which pioneered the use of consensus motifs (determined by scanning peptide arrays) with contextual information about kinase-substrate pairs in cells, is 0.76% (48 true positives out of a total 6338 phosphosite identifications) (Linding et al., 2007; Newman et al., 2013). Meanwhile, more recent approaches, such as the in vivo group-based prediction system (iGPS) (Song et al., 2012) and the CEASAR approach (which Connects Enzymes And Substrates at Amino acid Resolution) perform markedly better, with the latter exhibiting a true positive rate of 17.2% (758/4417) (Newman et al., 2013). Though the predictive power of these approaches is currently limited by several parameters, including the availability of GO data, in vivo phosphosites, and information about consensus phosphorylation motifs, the high resolution maps that they generate have the potential to provide a wealth of information about the organization of cellular phosphorylation networks. This information will be invaluable for identifying those KSRs that are likely to occur inside the cell. Importantly, they also provide a framework for identifying points of signal integration between distinct pathways.

REGULATION OF PHOSPHORYLATION-DEPENDENT SIGNALING PATHWAYS

In addition to information about the sites on a substrate that can be phosphorylated by a given kinase (or dephosphorylated by given phosphatase), it is important to know when and where phosphorylation is likely to occur inside the cell. Such information can provide key insights into the physiological consequences of phosphorylation. Indeed, the tight spatial and temporal regulation of cellular phosphorylation networks is believed to underlie the specificity of cellular signal transduction. Therefore, in order to gain a more comprehensive understanding of dynamic phosphorylation networks, the static maps of phosphorylation networks described in the previous section will need to be supplemented with information about the spatiotemporal regulation of the protein kinases and phosphatases within these networks.

Traditionally, this has been achieved by examining changes in the phosphorylation state of representative cellular substrates before and after stimulation. Changes in the phosphorylation status of these proteins are typically determined using two complementary approaches. In the first approach, cellular proteins are isolated by either subcellular fractionation or immunoprecipitation so that their phosphorylation status can be probed using one of the phosphodetection methods discussed above (e.g., 2D-PAGE, MS/MS or western blotting using phosphospecific antibodies). While careful experimental design and the use of general phosphatase and/or kinase inhibitors allows for decent temporal resolution using this approach, its spatial resolution is often poor because cellular architecture is disrupted during the lysis procedure. Moreover, since a large number of cells are required to obtain enough protein for analysis, this approach lacks single cell resolution, potentially masking subtle, yet important, differences between individual cells. The other approach, immunofluorescence using phosphospecific antibodies, offers excellent spatial resolution and can provide insights into cell-to-cell differences within a given population. However, because the cells must be fixed prior to analysis, this approach suffers from poor temporal resolution. Importantly, neither approach is able to examine changes in phosphorylation in living cells. Therefore, these methods offer only a “snapshot” of the dynamic changes in kinase and phosphatase activities that characterize most phosphorylation-dependent signal networks under physiological conditions.

GENETICALLY-TARGETABLE BIOSENSORS TO TRACK KINASE ACTIVITY PROFILES IN LIVING CELLS

In order to study the activity profiles of cellular kinases and phosphatases in single, living cells with high spatiotemporal resolution, several groups have developed genetically-targetable FRET-based biosensors (Zhang and Allen, 2007; Herbst et al., 2009; Newman et al., 2011; Sipieter et al., 2013) (Figures 4A,B). These biosensors, which can be directed to specific subcellular regions through the incorporation of a targeting motif (e.g., a NLS) or a component of a signaling complex (e.g., a scaffold protein) (Zhang et al., 2001; Kunkel and Newton, 2014), are able to monitor real-time changes in the activity profiles of specific pools of a given kinase or phosphatase in living cells (Kunkel and Newton, 2009; Gao and Zhang, 2010). Importantly, as outlined in Section Computational Models of Phosphorylation Networks, the high spatiotemporal resolution afforded by these sensors provides kinetic data that can be integrated into computational models that provide insights into the behaviors of entire signaling networks (Saucerman et al., 2006; Violin et al., 2008; Ni et al., 2011; Greenwald et al., 2014). Moreover, with the development of bright, spectrally distinct FPs that span the visible spectrum (Day and Davidson, 2009; Sample et al., 2009; Newman et al., 2011; Ai et al., 2014) and sophisticated imaging/deconvolution protocols (Grant et al., 2008; Woehler, 2013), it is now possible to measure changes in the activity of multiple cellular signaling enzymes (e.g., two kinases or a kinase and a phosphatase) simultaneously in the same cell (Carlson and Campbell, 2009; Woehler, 2013) (Figure 4C). Such information will be particularly valuable for understanding crosstalk between distinct signaling pathways within phosphorylation networks.
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FIGURE 4. Genetically-targetable FRET-based biosensors. (A) Design of a FRET-based kinase activity reporter based on an engineered molecular switch. In this design, the sensor unit is composed of a PAABD (red cylinder) tethered to a substrate domain (green cylinder) that is specifically phosphorylated by the kinase-of-interest (KOI; green circle). The sensor unit is sandwiched between the reporter unit, which is comprised of two FPs that are able to undergo FRET [e.g., CFP (cyan cylinder) and YFP (yellow cylinder)]. A targeting motif (orange envelope) is used to direct the reporter to distinct subcellular regions. In the unphosphorylated state, the FPs are far removed from one another and, therefore, do not undergo FRET. An increase in the activity of the KOI leads to a phosphorylation-dependent conformational change that alters the distance and/or orientation of the FPs, increasing FRET between them. Phosphatase (PPase; purple oval)-mediated dephosphorylation of the reporter switches it back to the open conformation, reducing FRET. (B) Pseudocolor images of a live cell imaging experiment. In this experiment, a time-dependent increase in the FRET emission ratio (YFP FRET/CFP) is observed following stimulation with a pharmacological activator (stimulus). Upon removal of the stimulus (wash out), the emission ratio returns to basal levels. Warmer colors represent high activity while cooler colors indicate low activity. (C) Several ways in which genetically-targetable biosensors can be used to monitor real-time changes in the activity profiles of two or more signaling enzymes in the same cell. Top panel: Activity reporters that utilize the same FP FRET pair can be monitored simultaneously in the same cell provided that each biosensor is targeted to a distinct subcellular locale, such as the plasma membrane (PM) and the nucleus. Middle and bottom panels: To track the activities of two or more signaling enzymes in the same subcellular region, activity reporters that utilize spectrally distinct FP FRET pairs (e.g., CFP/YFP and YFP/RFP) can be used (middle panel) or alternative fluorescence imaging techniques, such as FRET-fluorescence lifetime imaging (FRET-FLIM), which only measures changes in emission of the donor fluorophore, can be employed (bottom panel). Cyto, cytoplasm; PM, plasma membrane.



FRET-based biosensors contain two basic components: (1) a “sensor unit,” which undergoes a conformational change in response to a given cellular stimulus (e.g., phosphorylation or enzyme activation) and (2) a “reporter unit,” which converts the induced conformational change into a change in FRET (Frommer et al., 2009; Newman et al., 2011) (Figure 4A). While the reporter units of most FRET-based kinase and phosphatase reporters utilize a FP FRET pair consisting of cyan FP (CFP) and yellow FP (YFP) color variants, other FP combinations, such as green/red FP (GFP/RFP), yellow/orange FP (YFP/OFP), YFP/RFP and CFP/RFP, have also been used successfully (Sample et al., 2009; Newman et al., 2011; Day and Davidson, 2012; Lam et al., 2012; Ai et al., 2014). The continued refinement of the photophysical properties of FPs for FRET-based applications will be critical for the development of future biosensors. As alluded to above, this will also facilitate the development of orthogonal activity reporters that can be used to monitor more than one signaling enzyme in the same cell (Figure 4C). In this respect, the development of FPs that exhibit a large Stokes shift, such as mAmetrine (Ai et al., 2008) and T-Sapphire (Zapata-Hommer and Griesbeck, 2003), hold great promise for multicomponent FRET imaging (Carlson and Campbell, 2009).

While the “reporter unit” relies upon the FRET efficiency between the FP FRET pair, the molecular switch utilized by the “sensor unit” can take several different forms. The primary consideration when developing a molecular switch is that it promotes a conformational change in response to the cellular parameter under study. For instance, some FRET-based biosensors are designed to monitor the conformational state of the signaling enzyme itself. Indeed, kinase activation sensors, which directly monitor the activation of a kinase-of-interest, have been used to study the spatiotemporal regulation of several important kinases, including extracellular-regulated kinase 2 (ERK2) (Fujioka et al., 2006), MAP kinase-activated protein kinase 2 (MK2) (Neininger et al., 2001), Akt (Yoshizaki et al., 2006; Ananthanarayanan et al., 2007; Calleja et al., 2007), focal adhesion kinase (FAK) (Ritt et al., 2013), CaMKII (Erickson et al., 2011), and phosphoinositide-dependent kinase 1 (PDK1) (Calleja et al., 2007; Gao et al., 2011). For instance, this approach was recently used to monitor the activation of PDK1 in different membrane microdomains. To this end, Gao et al. sandwiched full-length PDK1 between enhanced CFP (ECFP) and the YFP variant, mCitrine (Gao et al., 2011). The resulting PDK1 activation reporter (PARE) was localized to either raft or non-raft regions of the plasma membrane using targeting motifs derived from Lyn and K-Ras, respectively, and used to track changes in PDK1 activation following stimulation with the growth factor, platelet-derived growth factor (PDGF). Interestingly, these studies demonstrated that, following PDGF stimulation, PDK1 is activated in raft, but not in non-raft, regions. The differential regulation of PDK1 appears to be dependent on the presence of the lipid phosphatase PTEN, which dephosphorylates phosphatidylinositol (3,4,5) triphosphate (PIP3) required for PDK1 activation. Because PDK1 is a master regulator of many AGC family members, including Akt, PKA, SGK and several PKC isoforms, these results have important implications for understanding the regulation of PDK1-dependent signaling networks (Arencibia et al., 2013).

In addition to biosensors designed to monitor kinase activation, many biosensors have also been developed to monitor changes in kinase activity. Unlike the activation reporters discussed above, which exhibit a linear relationship between the signal response and the activation “event,” kinase activity reporters benefit from enzymatic amplification of the signal. This is because multiple reporter species can be phosphorylated by a single activated kinase. This feature stems from the design of the sensor unit. Indeed, the sensor units of all currently available kinase activity reporters utilize an engineered molecular switch based upon a modular design (Zhang and Allen, 2007; Mehta and Zhang, 2011; Newman et al., 2011) (Figure 4A). Accordingly, a consensus phosphorylation site specific for the kinase-of-interest serves as the “substrate domain” while a PAABD specific for the phosphorylated form of the substrate functions as the “switching segment.” The substrate domain and the switching segment are typically joined together by a flexible linker and sandwiched between a FP FRET pair, such as CFP and YFP. Whereas the length of the linker and the choice of FRET pairs influence the dynamic range of the reporter (Komatsu et al., 2011; Belal et al., 2014), the choice of the substrate domain and PAABD contribute to its specificity and reversibility, respectively. The reversibility of the reporter is critical for monitoring kinase attenuation, which provides a clearer picture of kinase regulation within intact signaling networks. For instance, although the first generation A-kinase activity reporter, AKAR1, enabled kinetic analysis of subcellular PKA activity induced by the β-AR agonist, isoproterenol, this sensor was unable to report the attenuation of PKA activity following receptor desensitization because its response was essentially irreversible inside cells (Zhang et al., 2001). This is likely due to the fact that the 14-3-3τ PAABD utilized by AKAR1 binds the phosphorylated form of the substrate domain very tightly, preventing cellular phosphatases from gaining access to the substrate region as PKA activity declines. Therefore, in order to visualize both increases and decreases in PKA activity, a second generation PKA reporter, AKAR2, was constructed by replacing 14-3-3τ with the weaker-binding PAABD, forkhead-associated 1 (FHA1) (Zhang et al., 2005a). While the activation profile of AKAR2 is similar to that observed for AKAR1, the former is also readily reversible following removal of agonist or treatment with the PKA inhibitor, H89.

The basic modular design described above has been used to create activity reporters for a number of protein kinases, including PKA, protein kinase C (PKC), ataxia telangiectasia mutated (ATM), Akt, Abl, Src, aurora kinase B, ERK, c-Jun N-terminal kinase (JNK), cyclin-dependent kinase 1 (CDK1), AMP-activated protein kinase (AMPK), and the epidermal growth factor receptor (EGFR) (Zhang and Allen, 2007; Newman et al., 2011; Tsou et al., 2011; Belal et al., 2014). Using these reporters, researchers have uncovered important details about both the kinetics and the spatial distribution of endogenous kinase action in a variety of cellular contexts (Zhang et al., 2005a; Zhang and Allen, 2007; Erickson et al., 2011; Gao et al., 2011; Komatsu et al., 2011; Mehta and Zhang, 2011; Newman et al., 2011; Tsou et al., 2011; Arencibia et al., 2013; Ritt et al., 2013; Belal et al., 2014). However, despite their unique ability to track kinase activity in real time and at single cell resolution, to date, kinase activity reporters are available for <3% of the 518 human kinases in the human kinome. This is due, in large part, to limited information about the substrate specificity of most human kinases. Indeed, this is one of the primary obstacles to the large-scale development of kinase activity reporters. The recent identification of consensus phosphorylation motifs for 289 unique kinases (representing ~55% of the human kinome) (Newman et al., 2013), as well as the continued characterization of PAABD family members (Jin and Pawson, 2012; Reinhardt and Yaffe, 2013), will facilitate the development of a large number of novel kinase activity sensors that promise to offer important insights into the spatial and temporal regulation of cellular phosphorylation networks.

GENETICALLY-TARGETABLE BIOSENSORS TO TRACK PHOSPHATASE ACTIVITY PROFILES IN LIVING CELLS

In addition to information about kinase regulation, a comprehensive map of phosphorylation networks will also require an understanding of the dynamic regulation of protein phosphatases. However, until recently, a general design for phosphatase activity reporters had not been described. To address this issue, we engineered a phosphatase activity sensor designed to measure the activity of the Ca2+/calmodulin-regulated Ser/Thr protein phosphatase, CaN (Newman and Zhang, 2008; Mehta and Zhang, 2014). This reporter, termed CaN activity reporter 1 (CaNAR1), utilizes an intrinsic molecular switch based upon dephosphorylation-induced conformational changes within the regulatory region of NFAT1 (Okamura et al., 2000). Upon dephosphorylation, CaNAR1 exhibits an increase in its emission ratio that is dependent on CaN activity. Importantly, because the regulatory region of NFAT1 is hyperphosphorylated in resting cells by cellular kinases such as p38 and the constitutively-active kinase, casein kinase 1 α (CK1α), CaNAR1 does not require activation of additional kinases to put it into a “dephosphorylation competent” state. This feature ensures that the cellular environment remains relatively unperturbed prior to Ca2+ stimulation. This and other design features utilized by CaNAR1 should be generally applicable to other protein phosphatases as specific molecular switches are identified or engineered. Thus, as a prototype phosphatase activity sensor, CaNAR1 lays a foundation for studying the targeting and compartmentalization of protein phosphatases within the cellular environment.

COMPUTATIONAL MODELS OF PHOSPHORYLATION NETWORKS

The development of novel biosensors will enable the activity profiles of a large number of protein kinases and phosphatases to be measured within the cellular environment, providing the experimental information necessary to build detailed computational models of phosphorylation networks. Such approaches will be important in order to gain a systems-level understanding of the complex regulation of phosphorylation networks in response to various cellular stimuli. To this end, quantitative FRET-based imaging data has been incorporated into mathematical models of phosphorylation networks based on ordinary differential equations (Saucerman et al., 2006; Violin et al., 2008; Ni et al., 2011; Song et al., 2012). One of the primary goals of this approach is to determine the relative contributions of multiple feedback and feed-forward loops in producing the tight spatiotemporal control exhibited by many signal transduction pathways. Not only does this tact help to uncover details about the behavior of individual components within a given signaling network, but it can also provide crucial insights into how information is propagated throughout the entire system. Because these types of questions are difficult (if not impossible) to answer using experimental approaches alone, computational methods can provide a more comprehensive view of signaling networks that will ultimately promote a better understanding of cellular signaling at the systems level. For instance, computational models have been developed to study the impact of signaling enzymes in diverse cellular processes, including PKA-mediated phosphorylation gradients in cardiomyocytes (Saucerman et al., 2006), hippocampal neurons (Neves et al., 2008), and pancreatic β-cells (Ni et al., 2011). Similar models have also been constructed to examine the mechanisms by which the activities of Ca2+/calmodulin-dependent signaling enzymes, such as CaMKII and CaN, are differentially regulated in response to dynamic changes in intracellular Ca2+ concentrations (Song et al., 2008).

In addition to computational models based on fluorescence imaging data, the advent of quantitative MS/MS methods, such as SILAC and iTRAQ, has also permitted the development of computational models that focus on global changes in phosphorylation profiles (Kozuka-Hata et al., 2012). While models based on data obtained using fluorescent biosensors can best be described as kinetic and/or stochastic because they are built upon detailed kinetic information about the behavior of each component in the system (e.g., individual kinase and phosphatase activities), models based on quantitative MS/MS data are best characterized as discrete models because they describe changes in the general profile of an entire population or system (Wu et al., 2009). For instance, computational methods based on self-organizing maps (Zhang et al., 2005b), partial least squares regression analysis (Wolf-Yadlin et al., 2006; Kumar et al., 2007), Bayesian network modeling (Bose et al., 2006; Guha et al., 2008), and numerical modeling (Tasaki et al., 2006) have been developed. More recently, Tian and Song described a general computational framework that can be used to develop mathematical models derived from multiple quantitative phopshoproteomic data sets (Tian and Song, 2012). This model, which was used to model MAPK signaling pathways, will be particularly useful for modeling highly time-resolved phosphoproteomic data sets, such as the one reported by Oyama et al. (2009). In this study, the authors used SILAC and pTyr-enrichment to construct a detailed kinetic analysis of the Tyr phosphoproteome following EGFR activation in human epithelial A431 cells. These studies, which measured relative levels of Tyr phosphorylation at 0.5, 2, 5, 10, 15, 20, 25, and 30 min following EGFR activation, identified both transient and sustained changes in pTyr levels among a collection of 77 different cellular proteins.

Importantly, with continued advances in biosensor development and quantitative MS/MS methodologies, the quality and depth of information that can be incorporated into models of phosphorylation networks will continue to increase, promoting a more quantitative understanding of the molecular mechanisms that influence signaling dynamics inside the cell. Such quantitative information will be critical if we are to truly understand the functional interactions that occur between individual signaling enzymes to drive complex cellular behaviors.

CONCLUSION AND PERSPECTIVE

Phosphorylation-dependent signaling networks underlie diverse cellular processes, including metabolism, cell cycle progression, the immune response, and cell migration. Recently, the emergence of several novel technologies has provided a truly systems-level view of dynamic phosphorylation networks. Together, these technologies are beginning to provide us with a clearer picture about (1) which cellular proteins are phosphorylated in response to a given stimulus and/or in a particular cellular context, (2) where on the protein the phosphorylation event occurs, (3) which kinases and phosphatases are mediating phosphorylation/dephosphorylation of the phosphosite, and (4) how these modifying enzymes are regulated inside the cell. In the future, it will be important to expand this knowledge-base through (1) systems-wide profiling of phosphoproteomes under different cellular conditions and disease states using quantitative MS/MS and 2D-DIGE; (2) the identification of additional KSRs [and their relatively under-studied counterparts, phosphatase-substrate relationships (PSRs)] using “whole-proteome” microarrays; (3) the development of novel fluorescent biosensors and orthogonal imaging modalities; and (4) the integration of these data into predictive models of phosphorylation networks. Though much work remains to be done, these goals appear to be within reach. The next challenge will be to gain a detailed understanding of the functional consequences of specific phosphorylation events and to integrate this information with other resources, such as protein–protein interaction data sets, global expression profiles, and metabolomics data (Derouiche et al., 2012; Harrold et al., 2013; Medina-Cleghorn and Nomura, 2013; Bordbar et al., 2014). Likewise, in order to understand crosstalk between different cellular signals (e.g., O-glycosylation and phosphorylation), it will be necessary to adapt the approaches developed to study phosphoproteomics to other post-translational modifications (Choudhary and Mann, 2010; Zhu et al., 2012; D'hondt et al., 2013; Sutandy et al., 2013). Together, this information will provide a comprehensive view of the organization and regulation of cellular phosphorylation networks and beyond.
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FOOTNOTES

1. ^For simplicity, unless otherwise noted, we will focus primarily on kinase-mediated phosphorylation of cellular substrates for the remainder of this discussion; however, it is important to note that the same principles apply for phosphatase-mediated dephosphorylation of cellular proteins.

2. ^The “top-down” and “bottom-up” approaches described here should not be confused with similar terms used to describe MS-based proteomic analysis of intact proteins (“top-down”) or peptide fragments (“bottom-up”).

3. ^It should be noted that MS/MS can also be achieved “in time” using a single mass analyzer with multiple separation steps being instituted at different times.

4. ^[γS]-ATP can be utilized by most protein kinases, but not by most other cellular ATPases (Koch and Hauf, 2010).
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Phosphate plays a chemically unique role in shaping cellular signaling of all current living systems, especially eukaryotes. Protein phosphorylation has been studied at several levels, from the near-site context, both in sequence and structure, to the crowded cellular environment, and ultimately to the systems-level perspective. Despite the tremendous advances in mass spectrometry and efforts dedicated to the development of ad hoc highly sophisticated methods, phosphorylation site inference and associated kinase identification are still unresolved problems in kinome biology. The sequence and structure of the substrate near-site context are not sufficient alone to model the in vivo phosphorylation rules, and they should be integrated with orthogonal information in all possible applications. Here we provide an overview of the different contexts that contribute to protein phosphorylation, discussing their potential impact in phosphorylation site annotation and in predicting kinase-substrate specificity.
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INTRODUCTION

Phosphorylation, the enzymatic reaction resulting in the addition of a phosphate group to several types of residues, which in eukaryotes are mainly serines, threonines, or tyrosines, generates de facto a new side chain whose physico-chemical properties are different from those of the unmodified residues. This mechanism of Post-Translational Modification (PTM) is strikingly common throughout evolution and in particular for eukaryotes where it is involved in a myriad of cellular processes (Manning et al., 2002a,b, 2008, 2011; Caenepeel et al., 2004; Bradham et al., 2006).

The chemical properties of phosphate make this group a perfect candidate for protein modification, and allow its broad use as a molecular switch within the cell (Hunter, 2012). Indeed the hydrolytic stability of phosphate esters (for instance phosphoserine, phosphotyrosine, phosphothreonine, etc.) in aqueous solutions at pH7 allows the cell to minimize the noise in signal transduction due to non-enzymatically catalyzed hydrolysations. In addition, phosphate monoesters act as sensors, as their electric charge can be influenced by the chemical environment. Lastly, phosphate is a largely available molecule, as it is abundant on Earth and particularly within the cell, where it is included in a fundamental energy storage molecule, i.e., ATP. Differently from other types of PTMs, only one group can be enzymatically added to one residue, underlining the peculiar binary nature of this protein modification. The modified residue can undergo inter- or intra-molecular interactions, causing changes to the protein structure or interfering with its function, probably the most famous and complex example being the allosteric regulation of glycogen phosphorylase (Barford et al., 1991). Additional mechanisms for phosphorylation-mediated modulation have also been reported, such as for instance the inhibition of a binding site (Hurley et al., 1990). A beautiful electrostatic-based tuning of protein function mediated by phosphorylation has been described in yeast cell-cycle regulation, where the membrane localization of the MAPKs scaffold protein Ste5 is disrupted by phosphorylation of a cluster of sites flanking a basic membrane binding motif (Strickfaden et al., 2007).

However, the reason for the success of this type of PTM during evolution, at least in eukaryotes, has to be found largely in its ability to be edited and recognized selectively by specific protein domains, thus providing an efficient tool for transient molecular recognition in the context of signal transduction networks (Lim and Pawson, 2010).

With PTM-based proteomics, phosphorylation sites, as well as other PTMs, are identified and stored in large-scale datasets (Olsen and Mann, 2013). As a consequence of this explosion of data, there is great demand for functional annotation studies that largely exceeds what current technology offers. Furthermore, some observations question the functionality of a substantial fraction of these sites (Landry et al., 2009; Moses and Landry, 2010; Levy et al., 2012; Tan and Bader, 2012).

Given the difficulties in the experimental annotation of the kinase responsible for the phosphorylation, many attempts have been made to computationally model cellular signaling events. Some of the published reviews examine the field of kinase specificity from a more biological perspective, discussing the protein kinase specificity rules in sequence and in structure, while some others compare the different tools, and the techniques used to model kinase-substrate interaction and in general those used to build phosphorylation site predictors (Zhu et al., 2005; Ubersax and Ferrell, 2007; Miller and Blom, 2009; Xue et al., 2010; Trost and Kusalik, 2011; Via et al., 2011). Here we will focus on kinase-substrate interaction at the kinase domain and the substrate-peptide level, and then we will summarize the contextual information that could help to better understand the molecular determinants of kinase specificity, contributing also to boost the performances of phosphorylation site predictors.

INFERRING KINASES RESPONSIBLE FOR PHOSPHORYLATIONS IN SILICO

While recent advancements in phosphoproteomics allow the identification of phosphosites from entire proteomes with ever increasing reliability and higher coverage, no high-throughput method is able to pinpoint which kinases are responsible for phosphorylating which protein substrates. Therefore, in a high-throughput context, only in silico approaches can effectively help in reconstructing molecular signaling circuits.

All the methods can be grouped according to different criteria, but arguably the main differences are between motif- or PSSM-based and machine learning-based methods and in the use of evolutionary information. We select seven major aspects, as exemplars of different methodologies that have been developed, namely: motif-based identification of phosphorylation sites, structural information integration, integration of phosphorylation site structural context, phospho-clusters modeling, integration of Protein-Protein Interaction Network (PPIN) information and multi-organisms prediction. For a complete list of currently available methods, see Table 1.

Table 1. Computational methods for kinase-specific phosphorylation site prediction.
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The first method to predict the specific kinases that are responsible for the phosphorylations is Scansite (Yaffe et al., 2001), developed by Yaffe and colleagues, using Position Specific Scoring Matrices (PSSMs) for 62 different kinase phosphorylation motifs. Following an extensive analysis of the PKA motifs, PkaPS (Neuberger et al., 2007) was developed, exclusively suited for the prediction of protein kinase A-specific phosphorylation sites. Taking advantage of the structural information, Kobe and his collaborators developed PrediKin (Brinkworth et al., 2003; Ellis and Kobe, 2011), which is based on the analysis of the contact positions between kinases and substrates in proteins of known structure. The authors were able to associate the identification of specific kinase residues with a corresponding preference in the sequence of the substrate. PrediKin outperformed other three predictors in the DREAM4 challenge, whose goal was to predict peptide recognition domain specificity in protein kinases. In another work the information about the 3d-context of phosphorylation sites has been directly integrated in kinase-specific predictions, defining 3d-signatures motifs, even if the improvement with respect to sequence information is small (Durek et al., 2009). Conservation-based methods for predicting kinase-substrates usually assume that phosphorylation sites should be positionally conserved in Multiple Sequence Alignments (MSA) of orthologs (Budovskaya et al., 2005; Gnad et al., 2011). However, it was observed that phospho-motifs may also be found in different positions of the same local regions of orthologous proteins (Moses et al., 2007). In these cases only the local density of phosphorylation sites, but not their exact position, is conserved across orthologs. Lai et al. designed a method, ConDens, which computes the probability of observing a number of matches to a kinase motif in a MSA, under a null evolutionary model (Lai et al., 2012).

The most complete and updated collection of kinase classifiers is NetPhorest (Miller et al., 2008), currently covering 222 kinases and other fundamental signaling domains(Horn et al., 2014). Another milestone in the classification of the kinases responsible for the phosphorylations is NetworKIN (Linding et al., 2007, 2008; Horn et al., 2014), which combines the NetPhorest score with a score that considers the network context of kinases and phosphoproteins, derived from STRING (Franceschini et al., 2013) and based on genomic context, primary experimental evidence, manually curated pathway databases, and automatic literature mining.

Thanks to recent genome sequencing initiatives and phosphoproteomic efforts in several eukaryotes, organism-specific predictors have been developed (Ingrell et al., 2007; Miller et al., 2009; Gao et al., 2010). These methods aim at increasing the prediction accuracy by training on phosphopeptides derived from single organisms. The rationale for these organism-based approaches is that phosphopeptides observed in mass spectrometry experiments performed in these organisms should better represent kinome-specific phosphorylation motifs preferences (Palmeri et al., 2011).

The choice of the predictor is dramatically dependent on user needs, in terms of sensitivity and tolerance to false positives. Some predictors offer to set specific thresholds for specificity and sensitivity (Gao et al., 2010; Xue et al., 2010). Motif-based methods, depending on the motif length and distribution in the proteome, are likely to produce false positives, which can be pruned out by adding more contextual or evolutionary information. Currently, to the best of our knowledge, there is no method that takes advantage of all the aspects here reviewed. Performances will greatly vary from kinase family to family. From Src family to CDK, there are several families whose members share the same motif, and only by deploying contextual information it is possible to distinguish between those members.

Different predictors are often benchmarked using different datasets, at different redundancy levels, with different criteria, and reporting different performance measures (Table 1). Therefore, it is quite impractical to rank all the available predictors precisely, only considering the reported accuracies, and establishing the state-of-the-art is unfeasible. Initiatives, like predictors competitions such as DREAM, could be valuable opportunities to set the standards and offer more reliable evaluations.

KINASE-PEPTIDE SPECIFICITY: THE KINASE SIDE

Given the relatively high frequency of Ser, Thr and Tyr residues in proteomes (in human 8.5, 5.1, and 2.5% respectively), biological systems have evolved efficient strategies to increase the signal to noise ratio and more importantly to minimize those off target phosphorylations leading to detrimental consequences.

The mechanisms of kinase-substrate specificity can be explored at several levels. A major separation is usually operated between peptide specificity and recruitment. Peptide specificity arises from the interactions between the catalytic kinase domain and the substrate peptide, while recruitment is based on interactions between kinase and substrate that do not involve surfaces localized at the catalytic center. During the phosphorylation reaction, the substrate is located together with the ATP in the structural region between the two kinase domain lobes, so that the gamma phosphate of the ATP can be transferred to the substrate site. The binding site differs between Ser/Thr and Tyr kinases, allowing the enzymes to discriminate between the three residues. In general each kinase shows a preference for one of these residues. Not only the site, but also its surrounding sequence provides information that is used by kinases to recognize their target sites (Figure 1A). The geometrical and electrostatic properties of the substrate binding sites across the kinases have a substantial impact on substrate specificity. Also different kinases show different electrostatic distributions over their entire surfaces that can influence substrate binding.
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FIGURE 1. Specificity levels in Protein Phosphorylation. (A) Peptide specificity in a tyrosine kinase, Insulin Receptor (IR), a proline-directed kinase, Cyclin-dependent kinase 2 (CDK2), and a serine threonine kinase, cAMP-dependent protein kinase catalytic subunit alpha (PKA). Peptide preferences for each kinase are represented as sequence logos (top). The binding pockets of the three kinases have been visualized with UCSF Chimera, and the surfaces colored according to their electrostatic potential: red, positive; blue, negative; white, neutral (bottom). The structures from left to right show IR in complex with a peptide (pdb 1IR3), CDK2 in complex with a substrate peptide and cyclin A (pdb 1QMZ), which contributes to peptide specificity with a negative charged surface shown in the upper right of the figure, and PKA in complex with a peptide inhibitor (pdb 3FJQ). (B) Substrate recruitment. The kinase-substrate complexes concentration can be locally increased with docking motifs, protein interaction domains, and scaffold proteins. As an example of a docking motif, MAPK p38 bound to the docking site on its nuclear substrate MEF2A is shown on the left, colored in purple (pdb 1LEW). The protein interaction domains SH3 and SH2 domains in Src are fundamental for Src activation (inactive Src: pdb 2SRC), as shown in the cartoon in the middle (Xu et al., 1999). MAPK Fus3 in complex with a Ste5 peptide (pdb 2F49) is shown on the right.



Usually, screenings for kinase peptide specificity are performed with Oriented Peptide Libraries (OPL) (Hutti et al., 2004). This approach revolutionized the determination of kinase specificity, using a mix of solution-phase and solid-support strategies, making kinase specificity screenings both scalable and accurate (Yaffe, 2004). It consists in the quantification of the phosphorylation frequency in degenerate peptide libraries, composed of peptides with a fixed central phosphoacceptor residue and a fixed amino acid in any one of the positions flanking the phosphoacceptor, while the remaining positions are usually drawn from a uniform amino acids distribution. The phosphorylation reaction is performed incubating the kinase with radio-labeled ATP in solution-phase, and after, thanks to a C-terminal biotin tag that is present in all libraries, the peptides are fixed to avidin-coated membranes (Songyang et al., 1994; Hutti et al., 2004; Turk, 2008). The kinase preferences for certain amino acids in fixed peptide positions can then be encoded in consensus sequences, in Position Specific Scoring Matrices or more complex classifiers (Miller et al., 2008). From these data, it emerges that peptide specificities of distinct protein kinases are highly variable (Ubersax and Ferrell, 2007; Turk, 2008).

It is generally assumed that the specificity between kinases and substrates is mostly driven by the substrate-binding pocket residues (Ellis and Kobe, 2011), even if also residues localized far from the kinase binding cleft may contribute to shape the peptide specificity.

THE SUBSTRATE SIDE: PEPTIDE SEQUENCE VS. 3D MOTIFS

Durek and collegues attempted to characterize 3d-signature phosphorylation site motifs and evaluated their contribution to phosphorylation site prediction performance (Durek et al., 2009). They studied the spatial distribution of amino acids from 2 to 10 Angstrom around each phosphosite, and defined family-specific 3d-profiles. They reported a modest improvement in predicting the kinase families that phosphorylate serine phosphosites, due to the inclusion of structural information. Despite the small discriminatory power of 3d motifs, structural information, like disorder and secondary structure predictions can more efficiently be deployed to improve phosphorylation site predictors performances (Iakoucheva et al., 2004; Durek et al., 2009).

THE SUBSTRATE SIDE: PEPTIDE INTERPOSITIONAL DEPENDENCE

In 2012 Joughin et al. explored the inter-positional dependence on substrates of ATM/ATR, Cdk1/Cyclin B and CK2 kinases (Joughin et al., 2012). They found only a few significant substrate sequence position pairs that show deviations from position-wise independence. They also tested the ability of first and second order models to correctly separate between the true kinase substrates and mock substrates. Firstly they just used shuffled negative controls (i.e., they shuffled the substrate peptide positions, drawing from the distribution of the true substrates in each position), and they uncovered that mock substrates were similar in quality to the true ones. Then, by using proteomically derived mock substrates, they uncovered that second order were either equal to first order models, or due to over-fitting in training, even worse. Therefore, they concluded that higher-order interdependences in peptides do not seem to give a significant contribution to predictive performances.

This work has interesting implications for the evolution of signaling networks. There are several examples in the literature showing that the molecular recognition of substrates and phosphopeptide-binding domains is subjected to inter-positional dependences. If also other kinases not included in this study turn out not to show marked second or higher-order preferences on substrate sequences, this would mean that there is a fundamental difference in the way these two components behave in the evolution of signaling networks. As the authors point out, the fitness landscape might look smooth for kinase peptide specificity, and the fitness of the kinase substrate could be boosted after sequential mutations on the peptide, while the fitness landscape for phosphopeptide-binding domain substrate may contain energetic barriers. From a phosphosite predictor perspective, this means that greater efforts should be centered around the development of context-dependent methodologies.

PLACING KINASE-PEPTIDE SPECIFICITY IN CONTEXT

Although modeling kinase-peptide specificity is fundamental for understanding kinases preferences for their substrates, to study signal propagation in biological systems all phosphorylation events need also to be placed in time and space. As Alexander and colleagues clearly demonstrated in a paper published in 2011, the in vivo specificity of mitotic kinases arises from both subcellular localization and preferences for phosphorylation motifs (Alexander et al., 2011). For the first time they described an evolutionary conserved mechanism based on a combination of negative and positive phosphorylation motifs selection and spatial localization, to secure proper signal propagation during mitosis. Thus, even if two kinases can share a phosphorylation motif or can localize in the same place, none of the mitotic kinases shares similar preferences in phosphorylation motifs and is also co-localized with any other mitotic kinase.

SUBSTRATE RECRUITMENT

Protein kinases are highly flexible molecules, and this intrinsic flexibility has likely favored the engineering of complex regulatory and specificity mechanisms throughout eukaryotic evolution. Several mechanisms of recruitment are peculiar to some kinase families, and they can generally be grouped into: scaffold interactions, docking sites, and domain-domain interactions (Reményi et al., 2006; Miller et al., 2008) (Figure 1B).

Scaffold proteins can contribute to specificity increasing the local concentration of the kinase and the substrate, thus enhancing phosphorylation. Probably the best known are MAPK and PKA scaffolds (Wong and Scott, 2004; Strickfaden et al., 2007).

Docking motifs are distant from the phosphosite and facilitate the kinase-substrate recognition (Biondi and Nebreda, 2003). They can be discovered using experimental screening of focused or randomized peptide libraries (Reményi et al., 2006). In the case of Tyr kinases, the motif is usually found in domains that are different from the ones that catalyze the phosphorylation reaction. The motif can also be induced, as in the case of conditional docking sites, where the kinase is recruited only after a phosphorylation event takes place in the motif (Elia et al., 2003). This could also be a way used by the cell to implement logic gates and keep the timing of phosphorylation. Protein interaction domains, like SH2, SH3, PTB, 14-3-3 can also promote the association between kinases and substrates. Src activation, for instance, is mediated by its SH2 domain (Xu et al., 1999) (see Figure 1B). Domain-peptide interactions can be studied experimentally with peptide binding assays, while domain-domain interactions can be modeled using data collected in several databases (Luo et al., 2011; Yellaboina et al., 2011; Kim et al., 2012; Mosca et al., 2014), from high-throughput experiments, like yeast two hybrid, or extracted from the literature (see Figure 2 for an overview of the major experimental techniques used to identify phosphorylation sites and kinase-substrates interactions).
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FIGURE 2. Methodologies for the experimental identification of phosphorylation sites. In the inner circle the techniques for the detection of phosphorylation sites are reported, while the outer circle displays the major techniques for dissecting kinase-substrates interactions, both at the level of direct determination of kinase-substrate interaction (kinase activity assays, OPL, MS with ATP analogs, structural data, western blot, optogenetics) and at the contextual information generation level, i.e., the methodologies that allow the identification of interacting domain preferences, domain-peptide interactions, etc. (Y2H, Y3H, phage display, structural data, western blot, optogenetics). In the field of PTM identification, future advancements in MS will allow the monitoring of multiple PTMs co-modulation, while for kinase-substrate interactions, the use of ATP analogs coupled with MS/MS is currently the most promising high-throughput technique to link kinases to their substrates in vivo. Y2H/Y3H: yeast 2/3 hybrid system (Y3H could be deployed for the study of scaffold proteins-mediated interactions).



In 2011 Won and colleagues described the contribution of recruitment interactions to the kinase specificity of Ste7, a MAPKK involved in mating signal flow in S. cerevisiae (Won et al., 2011). Ste7 has an interaction with the scaffold protein Ste5 and two docking interactions that allow it to bind to the MAPK Fus3. They uncovered that two out of the three other MAPKK encoded in S. cerevisiae genome can functionally replace the MAPKK Ste7, grafting recruitment interactions in their kinase domain. Notably, grafting only the scaffold, or only the docking interactions is not enough to restore the mating signal. This underlines the critical importance of recruitment mechanisms acting concertedly. Scaffold proteins mediating interactions may in theory be discovered using a yeast three hybrid approach, where the kinase and the substrate are fused as bait and pray, and their indirect interaction could be tested expressing the scaffold.

The cellular context has a fundamental role in the determination of the substrate specificity. For instance, kinase localization is important for proper CDKs function. A number of cyclins activate and localize CDKs to different compartments. Overexpression of cyclin B1 causes chromosome condensation, reorganization of the microtubules, and disassembly of the nuclear lamina and of the Golgi apparatus, while overexpression of cyclin B2 only causes the disassembly of Golgi apparatus. Changing the localization motifs, and swapping the two cyclins localizations reverses their phenotypes (Draviam et al., 2001).

Several mechanisms of specificity have recently been explored also for protein phosphatases (Tiganis and Bennett, 2007; Roy and Cyert, 2009). Despite these enzymes lack strong preferences for substrate sequences, higher specificity is obtained with recruitment via domains and short linear motifs-mediated interactions and subcellular localization (Sacco et al., 2012).

PROPERTIES AND EVOLUTION OF POST-TRANSLATIONAL REGULATORY NETWORKS

Currently tens of thousands of phosphorylation sites can be identified by MS-based proteomics in a single experiment (Olsen and Mann, 2013). These large-scale datasets challenged the view of PTMs gained from low-throughput experiments, where a few highly important sites are studied, questioning the functionality of all these PTMs. Several evolutionary studies on phosphorylation sites have confirmed that sites known to be associated to a function are significantly more conserved than non-phosphorylated residues (Gnad et al., 2007; Malik et al., 2008; Landry et al., 2009; Tan et al., 2009a; Moses and Landry, 2010). However, a large fraction of phosphorylation sites identified in high-throughput experiments does not show strong evolutionary conservation.

The high evolutionary turnover of phosphoproteomes may be due either to non-functional phosphorylation sites or to species-specific regulation. Recently, a model has been proposed that could explain observations about phosphorylation enrichment in abundant proteins combined with the low stoichiometry of these phosphorylation sites (Levy et al., 2012; Tan and Bader, 2012). According to this model, random encounters between a kinase and proteins in the same subcellular location could end up in a-specific phosphorylations, that will more likely affect highly abundant proteins. This model implies also that only a minimal fraction of an abundant protein population should host these off-target sites. Not all unintended phosphorylations are necessarily damaging the cell, otherwise they would have been removed during evolution. Therefore, a fraction of all phosphorylation events could be neutral from an evolutionary perspective. In this scenario, the upper bound to the accumulation in the proteome of such sites during evolution is the signaling networks tolerance to noise levels. A nice example of noise minimization has been observed in metazoan lineage evolution, where it has been hypothesized that the signaling networks may have eliminated detrimental phosphorylation sites and limited the noise in the system as tyrosine kinases expanded, by tyrosine-removing mutations (Tan et al., 2009b). In shorter evolutionary distances, the signaling networks properties will more tightly be coupled with the mutational properties of the codons encoding the different phosphorylatable residues. Amongst all residues, serine is considered a mutational hub, as it is very close in mutational space to most residues (Creixell et al., 2012). Indeed it is the only amino acid whose codons are distributed in two groups that are at least two mutations away from each other.

Another explanation for the low conservation of some phosphorylation sites could reside in compensatory mechanisms. In a pioneering work Bodenmiller and colleagues performed single deletions of all yeast kinases and phosphatases, surprisingly observing only a small amount of regulation in the phosphoproteome (Bodenmiller et al., 2010). Even more strikingly, the indirect effects are predominant on effects on the direct targets of the deleted kinases, without strong phenotype alterations, in agreement with the view of signaling networks as systems that are robust to perturbations. Crucially this highlights that a similar cellular state can be the result of different systems regulations. From an evolutionary perspective, different signaling solutions, independently evolved, could be analogous implementations of the same function.

A consistent fraction of eukaryotic phosphoproteomes may represent an evolutionary reservoir that the different organisms could exploit to evolve specific regulation. Estimating more precisely the magnitude of these non-functional phosphorylations will contribute in the near future to improve our understanding of post-translational regulatory networks and their properties.

In the case of phosphosites involved in modulating protein-protein interactions, the site may not necessarily be positionally conserved (Tan et al., 2010). Phosphosites in different organisms at the same interface tend also to be phosphorylated by kinases of similar specificity. Therefore, the same protein interface may be modulated by functionally redundant sites that are weakly conserved in sequence (Tan et al., 2010; Palmeri et al., 2014).

Many domains in the human proteome seem to have peculiar preferences for being targets of phosphorylation. Some domains, like the kinase domain, tend to be significantly enriched, while other ones tend to be depleted in phosphorylation. Within the same domain, phospho-hot spots can also be identified, i.e., regions that are highly enriched in phosphorylation, suggesting modulation of the domain function via these segments, as in the kinase activation loop, or the C-terminus of HSP90 domain (Beltrao et al., 2012). The domain context of a phosphosite can then be used to functionally characterize the site, and also to improve phosphosite predictor performances (Palmeri et al., 2014).

PTMS CROSS-TALK

Several low-throughput experiments offer nice examples of how the cell uses PTMs combinations to reach highly sophisticated levels of control (Lo et al., 2001; Choudhary et al., 2009; Wang et al., 2011; Zheng et al., 2011). Difficulties in high-throughput determination of co-modulation between different PTMs currently limit the scale at which analysis of cross-regulation can be conducted. However, in a recent work, Swaney and colleagues studied the cross-talk between phosphorylation and ubiquitylation after proteasome inhibition, thus identifying potential phosphodegrons, analyzing the pairs of phosphorylation sites and ubiquitylation sites that increased in abundance after proteasome inhibition (Swaney et al., 2013). Computational works have already started exploring this relatively novel territory. For instance, Woodsmith and collaborators suggested that PTMs clusters may represent signal integration platforms (Woodsmith et al., 2013). In another work, Minguez and colleagues from Bork's group, used the concept of correlated evolution to discover new types of co-regulation within different PTMs (Minguez et al., 2012). Greater efforts in the developments of experimental methods for large scale monitoring of co-modulated PTMs will enormously help in understanding how the signaling networks respond to and integrate different inputs from a systems level perspective. But also new computational models will have to be developed and may benefit from coordinated modeling of the different PTMs.

CONCLUSION: KINASE-SUBSTRATE SPECIFICITY MODELING

Modeling kinase specificity for substrates is one of the most challenging bioinformatics contributions to cellular signaling. Mass Spectrometry is able to generate large amount of data, but there is currently no high-throughput experimental way to identify the candidate responsible for the phosphorylation.

The two main challenges in developing computational approaches to kinase-substrate specificity are: modeling kinase-peptide specificity and substrate recruitment preferences. Bioinformatics solutions have extensively explored the motif-context, and as pointed out by Joughin et al. the construction of higher order mathematical models might have limited, if any, advantage, at the high cost of overfitted models (Joughin et al., 2012). In silico modeling efforts should be centered around a more effective integration of different levels of contextual information, placing the kinases and the substrates in correct space and time, but also considering the interactions outside the kinase domain (domain-domain, scaffolds and docking sites interactions), that can increase locally the concentration of kinases and substrates. Data is obviously critical to all this, therefore more OPL screenings on kinases with unknown specificity, combined with more comprehensive studies to explore scaffold-mediated kinase-substrate interactions and also more efforts dedicated to assess the impact of mutations in domain-domain interactions involved in signaling could contribute to the development of more refined models of kinase-substrate specificity. Probably the most difficult challenge is to convert results from in vitro studies to approaches that make reliable in vivo predictions. Different kinases vary in their dependence on contextual information. Holistic, i.e., highly integrative, approaches, that allow the modeling of many contexts at the same time, will be able in the future to dissect for each kinase (or kinase group) the different contributions that shape the logic of the signaling system, like for instance in the remarkable case of mitotic kinases, studied by Yaffe's group (Alexander et al., 2011). High-throughput identification of the kinases responsible for the phosphorylation events is critical to achieve this. MS coupled with ATP analogs is currently the most promising approach in this field (Lopez et al., 2013).

Function-dependent classifiers, like those considering the identity of the domain where the phosphorylation is located, can be an alternative way to boost performances in phosphorylation prediction and they might be considered also for biomedical applications. Lastly, from the computational integration of different PTMs models (Creixell and Linding, 2012; Minguez et al., 2012), it may be possible, in the future, to infer and monitor system-level regulatory centers, whose function might be impaired in complex diseases.
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The central role of kinases in virtually all signal transduction networks is the driving motivation for the development of compounds modulating their activity. ATP-mimetic inhibitors are essential tools for elucidating signaling pathways and are emerging as promising therapeutic agents. However, off-target ligand binding and complex and sometimes unexpected kinase/inhibitor relationships can occur for seemingly unrelated kinases, stressing that computational approaches are needed for learning the interaction determinants and for the inference of the effect of small compounds on a given kinase. Recently published high-throughput profiling studies assessed the effects of thousands of small compound inhibitors, covering a substantial portion of the kinome. This wealth of data paved the road for computational resources and methods that can offer a major contribution in understanding the reasons of the inhibition, helping in the rational design of more specific molecules, in the in silico prediction of inhibition for those neglected kinases for which no systematic analysis has been carried yet, in the selection of novel inhibitors with desired selectivity, and offering novel avenues of personalized therapies.
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INTRODUCTION

The kinome plays a predominant role in signal transduction networks and cellular responses; its involvement in a large number of pathologies is a major impulse for the identification and development of compounds modulating the activity of individual kinases or kinase families. Currently, eleven kinase inhibitors are FDA-approved for cancer treatment, and 149 inhibitors and 42 distinct kinase targets are being tested in clinical trials (Fedorov et al., 2010; Chahrour et al., 2012; see http://www.brimr.org/PKI/PKIs.htm for an updated list). In addition to their promises as therapeutical agents, kinase inhibitors are commonly used as research tools to disclose the biological consequences of the inactivation of their targets. Generally, kinase inhibitors are ATP-mimetic compounds. The majority of known inhibitors belong to the so-called type I class, and they occupy directly the ATP binding site, located in a hydrophobic cleft between the two lobes of the kinase domain, while type II inhibitors target the ATP binding site as well, but extend also to an allosteric pocket adjacent to the ATP binding site; additional non-ATP-mimetic inhibitor classes (type III, IV, and V), of which a limited number of examples is currently known, seem very promising therapeutic agents given their generally high specificity (Liu and Gray, 2006; Garuti et al., 2010; Chahrour et al., 2012; Gavrin and Saiah, 2013). An example of type I, II, and IV inhibitors is provided in Figure 1. For type I and II inhibitors, the evolutionary structural conservation of the kinase ATP-binding site can lead to off-target binding, and while similar kinases tend to show similar inhibition profiles by sharing recurring sequence and structural patterns (Chiu et al., 2013), often complex kinase/inhibitor relationships occur, where kinase bioactivity profiles cannot be reconciled to their phylogenetic relationships (Paricharak et al., 2013). While absolute specificity toward an individual kinase is not always necessary for a compound to achieve a therapeutic effect (Mencher and Wang, 2005), a detailed knowledge of target selectivity for kinase inhibitors is crucial for predicting and interpreting the effects of inhibitors, and for designing drugs with a desired selectivity. However, kinase inhibitor selectivity is generally not inclusively known for the majority of the tested compounds, as kinase research has been principally focused on a small subset of the kinome.
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FIGURE 1. Binding of the ABL kinase with dasatinib (type I inhibitor, shown in purple), imatinib (type II inhibitor, shown in green), and GNF-2 (type IV inhibitor, shown in blue). The human ABL kinase co-crystallized with imatinib (PDB code 1IEP) was used as reference for the structural superposition of the human ABL co-crystallized with dasatinib (PDB code 2GQG) and of the mouse ABL in complex with the allosteric inhibitor GNF-2 (PDB code 3K5V). Only the ribbon representation of the human ABL kinase domain from 1IEP (chain A) is shown.



Traditional kinase inhibitor analysis is a low-throughput process in which the capability of small compounds to decrease the phosphorylation activity (usually reported as the IC50 or as the remaining or residual activity of the kinase) or their binding affinity (as its dissociation constant) is measured, but are generally not extended to the characterization of the inhibitory abilities of a given compound against the entire kinome. Such data are mined from the literature and collected in general-purpose databases such as ChEMBL (Gaulton et al., 2012) and STITCH (Kuhn et al., 2014), or in kinase-dedicated public resources such as the CheEMBL Kinase SARfari, or the commercially available Kinase Knowledgebase (KKB) by Eidogen-Sertanty (Oceanside, CA, USA) and the kinase inhibitor database provided by GVK Biosciences (Hyderabad, India). While largely populated, such databases tend to be highly heterogeneous by including evidences obtained by diverse means.

However, in recent years the results of medium- and high-throughput profiling studies became available, tackling inhibition of the phosphorylation activity for panels of widely used research compounds and clinical agents against large subsets of the human kinome (Table 1). These studies were able to identify novel inhibitor chemotypes for specific kinase targets and to reveal the target specificities of a large set of kinase inhibitors. Importantly, these panels also provide negative results, i.e., inhibitors having little or no effect on tested kinases, which are instrumental for computational learning techniques and are generally absent or scarce in low-throughput settings.

TABLE 1. Kinase/inhibitor profiling panels.
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Additionally, a large and growing number of known three-dimensional (3D) structures of whole kinases or kinase domains are available in the Protein Data Bank (PDB, Berman et al., 2013), and, in few cases, the kinase was also co-crystallized with an inhibitor. These structures provide a rich background for a detailed analysis of kinase binding pockets and for a better identification of binding determinants.

Computational methods for kinase/inhibitor relationships analysis and inference were successfully attempted in the past (e.g., Manallack et al., 2002; Vieth et al., 2004; Xia et al., 2004; Chuaqui et al., 2005), but were limited by the incomplete and heterogeneous data available at the time. In this review we focused on recent computational methods and resources that employ the latest kinase inhibition profiling data but go beyond standard quantitative structure-activity relationship (QSAR) modeling approaches, which are generally specific for a single target, being instead purposely tailored toward kinase inhibition analysis and applied to the whole kinome, taking advantage from the overall kinase domain conservation and from shared binding patterns and characteristics and providing multidimensional structure-activity relationships concerning tens or hundreds of targets at the same time (Goldstein et al., 2008).

METHODS FOR KINASE/INHIBITOR INFERENCE

Procedures that use inhibition data from panels of proteins tested against panels of compounds are generally based on numerical descriptions of physicochemical, structural and/or geometrical properties of both ligands and targets, and seek possibly non-linear relationships that explain the binding profiles. Machine learning methods are therefore particularly suited, either for classification (binds/does not bind) or regression on the measured inhibition values (e.g., IC50 or Kd). Since all information available for any kinase target and/or inhibitor is used for learning, these studies can be considered a multi-target approach. Additionally, they can be used to infer novel kinase/inhibitor relationships, also for kinases and compounds not included in the training set.

A number of recent papers explored this kind of approach, differing in the employed training dataset, in the way compounds and proteins are described and in the learning algorithm, but following similar pipelines. For example, Niijima et al. (2012) and Cao et al. (2013) both started from data extracted from Kinase SARfari [in Niijima et al. (2012) the Metz dataset was additionally used for external validation], and propose a similar kinase/inhibitor deconvolution approach, in which the whole kinase sequences, or only the kinase ATP-binding pockets, are deconstructed into residues (either described simply by amino acid type or by physicochemical characteristics) and compounds into chemical fragments or in topological Daylight fingerprints. Yabuuchi et al. (2011) developed a method, called CGBVS (chemical genomics-based virtual screening), in which compounds were represented by a large set of substructure descriptors and physicochemical properties, and protein descriptors were computed from the protein sequence dipeptide composition using a string kernel. Originally developed for G-protein-coupled receptor inhibitors, the method was also applied to kinases, using a panel of 143 kinases and 8830 inhibitors, for a total of more than 15,000 tested interactions extracted from the commercial GVK Biosciences kinase inhibitor database. In Lapins and Wikberg (2010), starting from the Karaman dataset, compounds were described by physicochemical and geometrical characteristics, while kinases were described with either alignment-independent or alignment-based methods, by building a multiple alignment of the kinase domains, excluding gap-rich positions, describing columns of the alignment with physicochemical properties, and applying principal component analysis (PCA) and partial least squares discriminant analysis to summarize descriptors. Schürer and Muskal (2013) employed the Eidogen-Sertanty KKB Q4 2009 release, including more than 430,000 tested kinase/compound pairs extracted from literature and patents. Given the heterogeneous nature of the dataset, data were subject to filtering, standardization, and clustering procedures. For each kinase in the dataset, active and inactive compounds were described using extended connectivity fingerprints, and negative instances for training were either known as inactive on a given kinase, or taken as the entire set of molecules not tested on that kinase.

Then, in these works, machine learning algorithms were trained on kinases and compounds converted into numerical descriptors, to learn associations between kinase residues and compound fragments, and for inference. Variants of a naïve Bayesian (NB) classifier or of a support vector machine (SVM) were used in Niijima et al. (2012), a random forest (RF) in Cao et al. (2013), SVM, decision trees, k-nearest neighbors, and partial least squares projections in Lapins and Wikberg (2010), an SVM in Yabuuchi et al. (2011), Laplacien-corrected NB classifiers, k-nearest neighbors, and partial least squares regression in Schürer and Muskal (2013). All these studies achieved good prediction performances: from 0.67 to 0.73 correlation coefficient in Lapins and Wikberg (2010); accuracy between 74 and 81% and matthews correlation coefficient (MCC) between 0.3 and 0.48 in different tested datasets and with different encodings and learning methods in Niijima et al. (2012); 94% accuracy and 0.98 area under the ROC curve (auROC) in Cao et al. (2013). In Schürer and Muskal (2013), the auROC for individual kinase models vary from around 0.93 to 1, and the prediction accuracy showed a positive correlation with the number of known inhibitors available for training. In Yabuuchi et al. (2011), some predicted novel inhibitors for the epidermal growth factor receptor kinase and the cyclin-dependent kinase 2 were experimentally confirmed, sometimes showing scaffold hopping (i.e., having radically different characteristics than known inhibitors).

Another class of methods includes those taking advantage of kinase 3D structures, used to obtain a more accurate representation of kinase binding sites. A reasonable assumption is that the affinity that a kinase, or a set of kinases, show toward a compound can be ascribed to set of residues that either allow or hinder the binding, and that, once identified in the 3D structures, can be looked for in other kinases to infer their binding ability, even for those kinases for which the 3D structure is unknown, by taking advantage of the kinase domain sequence conservation. Such sets of residues can additionally be converted in numerical descriptors for machine learning.

A subset of kinase/inhibitor pairs extracted from the Fabian and Karaman datasets was used in Caffrey et al. (2008). For these inhibitors the structure of the kinase/compound complex is known, and the specificity determinants can be rationalized. An algorithm was developed to predict specificity determinants given a kinase multiple sequence alignment and structural information, which was able to reproduce the known determinants and to highlight non-trivial additional factors, and can be used as basis for the design of drugs with a desired specificity.

X-ReactKIN (Brylinski and Skolnick, 2010) is a machine learning method for assessment of cross-reactivity in which each human kinase domain structure was obtained through homology modeling, and binding sites residues were predicted using computational methods. Similarity between kinases was computed by different metrics using sequence, structure, and ligand binding profiles. The system employed data from the Fabian and Karaman panels for training and validation of a NB classifier, obtaining sensitivity higher than 0.5 for around 70% of the tested compounds, and the Bamborough dataset was used for further validation, finding significant correspondence (0.53 average Pearson correlation) between predicted and experimental activity profiles. The computed cross-reactivity profiles are freely available for download.

In Huang et al. (2010), all kinase 3D structures available in the PDB at the time were superposed to obtain a fine description of a series of features known in the literature to be related to inhibitor specificity, e.g., the size of the gatekeeper residue, that affects the pocket accessibility, the hydrogen bonding and covalent bonding ability at specific positions, the flexibility of the hinge loop connecting the kinase domain small and large lobes, and others. These features were extended to kinases for which the structure in unknown via multiple alignments, converted into numerical vectors and used to estimate a similarity between each pair of kinases. Using these distances, a network of kinase binding sites was constructed, which recapitulated well a network based on the similarity between the inhibitor profiles in the Karaman dataset. Integration of the binding site similarity network with the inhibition profile network led to inference of off-target interactions, some of which were validated experimentally.

On the same lines, in Anderson et al. (2012), starting from the Karaman dataset, first kinases were clustered by similarity in binding affinity profiles for the inhibitors tested in the dataset. Kinases within the same cluster were shown to have more similar binding sites, as detected by the comparison of the binding site 3D structures extracted from the PDB. In silico docking procedures then highlighted cluster-specific residues acting as interaction hot spots, which were converted into a series of descriptors, used for RF training, achieving 76% of prediction accuracy. The RF was then used for the prediction of novel kinase/inhibitor relationships, some of which were experimentally tested, obtaining a good agreement with the predicted Ki values in 70% of the cases.

The Karaman dataset, crossed with kinase 3D structures available in the PDB, were also the starting point for the work presented in Bryant et al. (2013); the structure of a kinase bound to a known type II kinase inhibitor, imatinib, was used as template to identify contact residues, mapped to all other considered kinases using the Pfam (Punta et al., 2012) kinase family multiple alignment. A combinatorial clustering was used to find subsets of binding site residues that better correlate with the binding affinities reported in the Karaman dataset. An SVM was then trained on these data, and the prediction performance was estimated individually for each inhibitor as the auROC, which ranges from 0.5 to 1 (mean 0.8). Finally, the trained SVM was used to infer the binding ability of unlabeled kinases.

INTEGRATIVE APPROACHES

The wealth of kinase inhibition profiling data presents great opportunities for being analyzed as a whole, by integrating data from different resources in order to provide a unified view on kinome inhibition. The whole kinase/inhibitor data can therefore be represented as a network, where binding can be treated as a binary on–off relation or weighted by the binding affinity or by the strength of the inhibitory effect. This kind of network can aid in the identification and rationalization of drugs secondary effects and facilitate drug repositioning.

KIDFamMap (Chiu et al., 2013) and K-Map (Kim et al., 2013) are free web-databases in which kinase/inhibitor relationships, retrieved from different sources, are connected and integrated with other annotations to facilitate the at-a-glance investigation of the kinome inhibition. In KIDFamMap, the Karaman, Anastassiadis and Davis profiling panels, Kinase SARfari, the PDB, and others resources, for a total of more than 186,000 kinase/compound pairs, are investigated by decomposing each interaction into a series of binding pocket sub-regions and compound fragments preferences (Chen et al., 2010), and then extending the identified rules to the whole kinome (introducing the concept of kinase/inhibitor families) and associated to known pathologies involving kinases. Queries can start from a kinase, a compound or a disease, retrieving a detailed overview of the kinase/inhibitor interaction, all the other interactions belonging to the same family, and a description of associated diseases and how allelic variants might affect the compound binding. In K-Map the Anastassiadis and Davis datasets were analyzed by building connectivity maps based on the Kolmogorov–Smirnov statistic to find correlations between inhibitors and lists of kinases. K-Map allows querying these datasets by kinase, kinase family, custom lists, or kinase-related GO terms, obtaining lists of associated inhibitors ranked by correlation significance. Similarly, the user can start from lists of inhibitors. The intent of K-Map is to provide insights for drug development and repositioning.

Caveats of integrative approaches are that to convert data into an on-off relation would require setting thresholds that might not be easy to optimize, and that data from different sources might not be directly comparable, so they must be opportunely processed. In Sutherland et al. (2013) the Anastassiadis, Metz and Davis datasets were compared to each other and to an additional profiling panel (the Sutherland dataset in Table 1), by converting each readout in an estimated IC50, testing the concordance between IC50 in different panels, and for promiscuity and selectivity measures. They found that the all panels have good agreement in assessing whether a compound is active or inactive on a given kinase, but the exact inhibition values show instead low levels of concordance, as well as measures of how much selective is a compound.

In Tang et al. (2014) the Metz, Davis, and Anastassiadis datasets were compared and integrated with data from ChEMBL and STITCH. Since these panels employed different assays and different readouts (Kd, Ki and percentage of remaining activity for the Davis, Metz and Anastassiadis datasets, respectively), a new method called KIBA (kinase inhibitor bioactivity) is introduced to obtain a single comparable activity score for each kinase/compound pair. The three panels have a relatively small number of common tested kinase/inhibitor pairs; in such cases, the Metz and Davis datasets show good degree of correlation between readouts, which is smaller when both are compared with the Anastassiadis panel. The project resulted in a kinase/inhibitor bioactivity map comprising 467 kinases and more than 50,000 compounds, which is freely available.

CONCLUSION

While different in methods and scope, the approaches presented here highlight the need for original and effective computational methods to unravel the rich and complex kinase/inhibitor relationships systematically measured in inhibition profiling panels, which can have significant implications in understanding the reasons of the inhibition, helping in the rational design of bioactive molecules, and can be used for the in silico prediction of inhibition for those neglected kinases for which no systematic analysis has been carried yet, and for the selection of inhibitors with desired promiscuity. Additionally, a better understanding of the kinase determinants of inhibition can help in apprehending the different response of individual patients to treatment, such as inhibitor resistance due to specific mutations, moving toward a more personalized treatment.
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Many extracellular and intracellular signals promote the c-Abl tyrosine kinase activity. c-Abl in turn triggers a multitude of changes either in protein phosphorylation or in gene expression in the cell. Yet, c-Abl takes part in diverse signaling routes because of several domains linked to its catalytic core. Complex conformational changes turn on and off its kinase activity. These changes affect surface features of the c-Abl kinase and likely its capability to bind actin and/or DNA. Two specific inhibitors (ATP-competitive or allosteric compounds) regulate the c-Abl kinase through different mechanisms. NMR studies show that a c-Abl fragment (SH3–SH2-linker–SH1) adopts different conformational states upon binding to each inhibitor. This supports an unconventional use for allosteric compounds to unraveling physiological c-Abl signaling circuits.
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INTRODUCTION

Proteomics has revealed a rather complex picture underlying cellular signaling circuits. Recent studies have indicated an extensive overlap between diverse cellular responses. DNA damage-induced stress response overlaps with pathogen infection response and with heat stress in intact animals (Caenorhabditis elegans; Ermolaeva et al., 2013). Signaling connections between DNA damage, stress response, and aging remain elusive in other intact organisms (Gartner and Akay, 2013). Yet, evidence from Ermolaeva et al. (2013) supports a model of an integrated signaling network at the interface of various cell stress routes.

We have discussed about the aberrant c-Abl signaling in the molecular events at the interface of oxidative stress – metabolic regulation, protein aggregation, and DNA damage in neurons (Gonfloni et al., 2012). We have proposed that various stress responses seem to rely on a small set of recurring c-Abl-mediated regulatory circuits (Gonfloni et al., 2012). An emerging theme in neuronal diseases is the aberrant interplay between c-Abl phosphorylation of transcription factors, adaptors, modifiers/enzymes, and ubiquitin-mediated signaling responses (Gonfloni et al., 2012; Ciccone et al., 2013).

In this perspective, I will discuss how modulation of c-Abl, through small molecule allosteric inhibitors/ligands could be exploited to tackle the interface of c-Abl signaling circuits.

SURFING THE CELL SIGNALING CIRCUITS

Cell metabolism and homeostasis rely on signaling networks of interacting proteins. Posttranslational modifications (PTMs) are crucial for the network. Colocalization of the binding partners converts protein interactions into functional consequences (Kuriyan and Eisenberg, 2007). Crosstalk and interplay between different PTMs give rise to a versatile, rich, and dynamic framework of signaling circuits. Negative (or positive) feedback loops control the amplitude of signaling pathway and the sustained activation in time, conveying signals for irreversible decisions of the cell. A crucial issue for understanding cell signaling is to define how PTMs control changes in metabolism and homeostasis. A simple way is to consider protein domains as basic units of cell signaling (Kuriyan and Cowburn, 1997). Cells may use modular binding motifs like a broad device dedicated to the selective recognition of PTMs (Seet et al., 2006). However, complex biochemical responses can be only achieved in the context of multidomain proteins or multiprotein complexes. Of note, PTMs can also induce a new conformational state that in turn promotes an allosteric regulation of the targeted protein. An example of such an allosteric modulation is the phosphorylation of the activation loop of Src tyrosine kinases. This phosphorylation promotes the productive configuration of the catalytic site. By this mechanism, Src activity (i.e., a productive conformation of the active site in the catalytic domain) also controls the availability of the regulatory domains (SH3-linker; Gonfloni et al., 2000). This effect in turn promotes selective binding/recruitment in multiprotein complexes.

Posttranslational modifications are dynamic and necessary for assembling a temporary platform of local signaling circuits. PTMs work as an allosteric device both for the modified protein and for the assembly/(or reshaping?) of multiprotein complexes. Enzymes are often “switchable,” with their activities controlled by many targets/effectors. The tyrosine kinases are themselves regulated by phosphorylation through various allosteric mechanisms. Non-receptor tyrosine kinases (RTKs) have a conserved catalytic domain (kinase domain = SH1), auto-inhibited by the binding of regulatory domains (SH2, SH3). Such an allosteric regulation links the enzymatic activity of the kinase with the colocalization of its substrate. Allosteric auto-regulation seems to be a recurring feature in cell signaling (Liu and Nussinov, 2013). Protein domains with enzymatic activity (acting as modifiers/writers) are often in tandem with the binding motifs devoted to recognition (acting as readers) of the same modification. This concept is also well substantiated by ubiquitin-mediated signaling. Ubiquitin represents a transferable interaction domain recognized by specialized binding motifs (ubiquitin binding domains, UBDs). Monoubiquitinated proteins often contain a UBD required for their auto-regulation (Seet et al., 2006).

c-Abl IS AN ALLOSTERIC SIGNALING SWITCH FOR VARIOUS CELL RESPONSES

Non-receptor Abl tyrosine kinases regulate a diverse range of cellular signaling paths. Recent reviews have discussed both the biological functions of the mammalian c-Abl tyrosine kinase (Colicelli, 2010; Wang, 2014) and the role of Abl family kinases in cancer (Greuber et al., 2013). It is beyond the scope of this review discussing these aspects. Interested readers are directed to several excellent reviews on this topic (Sirvent et al., 2008; Hossain et al., 2012; Greuber et al., 2013; Wang, 2014).

Here, I will recall the mechanisms of c-Abl auto-inhibition. The purpose is to highlight the effects of small molecule inhibitors on the conformation of c-Abl.

The Abl kinase family comprises two related proteins Abl1 (c-Abl) and Abl2 (Arg). Both kinases have redundant and unique roles due to their conserved sequence/domain structures. c-Abl and Arg have two different variants (1a and 1b). Both variants are ubiquitously expressed. Abl kinases share a conserved assembly of amino-terminal regulatory and catalytic domain (SH3–SH2-linker–SH1 domain). At the carboxyl terminus region, Abl kinases contain a filamentous (F)-actin-binding domain (ABD; Van Etten et al., 1994). c-Abl and Arg are less conserved in the middle region. So, Arg lacks of the three nuclear localization signal (NLS) motifs and localizes in the cytoplasm and in cell periphery (Miller et al., 2004). By contrast, c-Abl is present in the cytosol but also in organelles, such as the endoplasmic reticulum (ER) the mitochondria (Ito et al., 2001), or the nucleus (Wen et al., 1996). The diverse localization of c-Abl is modulated by PTMs (Yoshida et al., 2005). The formation of distinct multiprotein complexes is likely regulated by a dynamic spatial recruitment. Spatial distribution of c-Abl is linked to the catalytic competence of the kinase. The latter is in constant equilibrium between low (fully inhibited) and high (fully activated) levels of activity (Hantschel and Superti-Furga, 2004). c-Abl signaling is not only dependent from the outcomes derived from its enzymatic kinase activity. But, it depends from dynamic recruitment of c-Abl into different protein complexes (and subcellular compartments). In vertebrates, its C-terminal F-ABD mediates actin binding, bundling and microtubule crosslinking (Bradley and Koleske, 2009). This has important consequences for cell adhesion, migration (Woodring et al., 2003), intracellular trafficking (Rotty et al., 2013), endocytosis (Lonskaya et al., 2013), autophagy (Yogalingam and Pendergast, 2008; Hebron et al., 2013b; Lonskaya et al., 2013). In Drosophila, D-abl signaling is linked to actin dynamics and cell adhesion (reviewed by Lanier and Gertler, 2000; Hernandez et al., 2004). Recent evidence indicates that the D-abl kinase signaling regulates the Golgi complex architecture in neurons (Kannan et al., 2014). These data suggest that some of the effects of c-Abl signaling may arise from alterations of protein trafficking and secretion (Kannan et al., 2014). Kinase-independent functions of c-Abl have been already described (Henkemeyer et al., 1990; Chen et al., 2006). Evidence supports a kinase-independent function of Drosophila Abl for axonal guidance outcomes (O’Donnell and Bashaw, 2013). These results are consistent with a model for stepwise scaffolding and kinase functions of Abl in cell motility (Lapetina et al., 2009). Likely in a stepwise manner c-Abl promotes (or prevents) the formation of diverse signaling platforms within the cell. Specific outcomes rely on the full catalytic competence of the Abl kinase. The latter is due to local enrichment and/or a concomitant allosteric binding/removal of activators/adaptors/co-inhibitors (as it occurs in the nucleus during apoptosis). Both local enrichment and expression/localization of binding partners (adaptors/co-inhibitors) depend from cellular context.

ALLOSTERIC REGULATION OF c-Abl

The auto-inhibited conformation of c-Abl is controlled through SH3–SH2-linker unit as in the Src family tyrosine kinases. In c-Src, the SH2 domain interacts with the C-terminal tail phosphotyrosine residue (Y527). By contrast, in c-Abl, the SH2 domain interacts more intimately with the large C-terminal lobe of the kinase domain (SH1). Interestingly, the tight interactions of the SH2–SH1 domain are induced by the binding of the myristoylated residues of the N-terminal region into a hydrophobic pocket of the kinase (Figure 1; Nagar et al., 2003). c-Abl requires the N-terminal myristoyl group (only present in Abl1b variant) to help the proper SH3–SH2-linker docking and inhibition (Iacob et al., 2011; Corbi-Verge et al., 2013; de Oliveira et al., 2013). Allosteric inhibitory interactions for the Abl1a variant are still poorly understood. Such interactions likely involve the binding of other inhibitors/adaptors. Small molecule compounds (GNF-2 and GNF-5) targeting the myristate pocket in the C-lobe of the kinase domain do act as allosteric c-Abl inhibitors (Adrian et al., 2006; Fabbro et al., 2010; Zhang et al., 2010). The relevance of the myristoyl-binding pocket is further reinforced by the recent discovery of small-molecule c-Abl activators that dock into the same site (Yang et al., 2011; Hong et al., 2014). Upon c-Abl activation and removal of the allosteric interactions, the SH2 domain interacts with the N-terminal lobe of the kinase domain by using different surfaces of the SH2 domain (Hantschel, 2012). Compelling evidence indicates that the SH2 domain acts as a positive allosteric activator via the formation of an internal interface with the N-terminal lobe of kinase domain (Hantschel, 2012). Of note, the positioning of the SH2 domain facilitates multisite phosphorylation of substrates by c-Abl (Filippakopoulos et al., 2008; Grebien et al., 2011). However, alternative active states of c-Abl that do not require the SH2/kinase interface to function may occur when local clustering of c-Abl kinase core is sufficient for triggering transphosphorylation of the activation loop. In these circumstances the SH2 domain displacement from the back of the kinase domain is dispensable (Panjarian et al., 2013a,b). In short, the multidomain kinases like c-Abl can assume various conformational states and take more than one path to activation.
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FIGURE 1 | Schematics of the functional domains in c-Abl. SH3, Src homology 3 domain: SH2, Src homology 2 domain. Y245 is in the linker region connecting SH2 domain with the kinase domain. Y412 is in the activation loop of the kinase domain. Phosphorylation in these two sites may prevent the auto-inhibited conformation of the c-Abl.


EMERGING CONCEPTS FROM THE SOLUTION CONFORMATIONS OF c-Abl

Recent structural studies using NMR in combination with small angle X-ray scattering (SAXS) of a c-Abl fragment (SH3–SH2-linker–SH1 domains) provide the first structural information of apo form of c-Abl in the absence of small molecule inhibitors (Skora et al., 2013). The apo form of c-abl adopts the “closed” conformation with the SH3–SH2 regulatory unit engaged with the kinase domain. However, addition of Imatinib (an ATP-competitive inhibitor) induces both a large structural rearrangement of the kinase domain and the detachment of the SH3–SH2 regulatory unit from the kinase domain leading to the formation of an “open” inactive state, where the ATP binding site is not accessible. In contrast to Imatinib, addition of the myristoyl pocket ligand GNF-5 to apo c-Abl induces only limited local changes around the myristoyl-binding pocket and keeps the SH3–SH2 regulatory unit in the “closed” state. Addition of GNF-5 to the “open” inactive state (c-Abl in complex with Imatinib) restores the “closed” inactive conformation (Skora et al., 2013). Under physiological conditions the “open” and “closed” conformations of c-Abl may be in equilibrium, which can be altered by the presence of specific inhibitors (ATP-competitive and/or allosteric ones).

It has been proposed that the ABD may stabilize the auto-inhibited conformation of the kinase by binding to F-actin (Woodring et al., 2003). Interestingly, the inhibitory effect of F-actin requires the SH2-kinase domain interaction to maintain the auto-inhibited conformation (Woodring et al., 2003). Small molecule inhibitors may induce a structural remodeling of the auto-inhibited conformation. This in turn may perturb domain interactions and consequently impinge on adaptor/effector/substrate binding, modulating c-Abl signaling dynamics. Cells treated with Imatinib show a profound change in the shape and a more rapid migration when plated on collagen-coated substrates (Chen et al., 2013). GNF-2 promotes a translocation of c-Abl to the endoplasmic reticulum (Choi et al., 2009). It is tempting to consider that GNF-2 promotes a dynamic recruitment of c-Abl into different subcellular compartments and protein contexts. A timely relocalization of c-Abl/GNF-2 complex in a specific subcellular compartment may induce per se a signaling circuitry.

An unproductive conformation (“open” inactive state) of the catalytic site induced by Imatinib may promote the availability of the regulatory domains (SH3–SH2-linker–ABD) with profound effects on c-Abl-interactome.

Molecular switches like c-Abl have modular domains required for their assembly into multiprotein complexes. Yet, c-Abl has also a modifier/kinase domain to regulate scaffold/signaling dynamics. The challenge now is to understand how such a complex signaling assembly is regulated in time and space (Hossain et al., 2012). Of note, both local enrichment and expression/localization of binding partners (adaptors/co-inhibitors) are dictated from the cell type and signaling context.

ABERRANT c-Abl SIGNALING

The c-Abl kinase was early discovered as the oncogene in the Abelson murine leukemia virus (Goff et al., 1980) and then associated with human leukemias (Ben-Neriah et al., 1986). Several reports have indicated that c-Abl is a substrate and an activator of RTK. This bidirectional activation contributes to robust and persistent RTK signaling (Bromann et al., 2004). Cancer cells, expressing high levels of c-Abl, become dependent from its catalytic activity for growth and viability (reviewed in Greuber et al., 2013). On the other hand, in neurons aberrant c-Abl activation causes hyperphosphorylation, misfolding, and protein aggregation of tau protein, or alpha-synuclein. Such effects are considered hallmarks of neurodegenerative diseases (Ciccone et al., 2013; Tenreiro et al., 2014).

c-Abl SIGNALING MEETS UBIQUITIN-MEDIATED RESPONSE

Cell signaling relies on PTMs for its regulation. The interplay and the crosstalk between phosphorylation and ubiquitination represent a recurrent theme in cell signaling (Hunter, 2007). We have discussed about some connections occurring between c-Abl phosphorylation and ubiquitin-mediated signaling in DNA damage response (Maiani et al., 2011). Kinase phosphorylation/activation often triggers ubiquitination. Activated forms of c-Abl are more unstable than wild-type (Echarri and Pendergast, 2001).

Compelling evidence indicates that c-Abl modulates the degradation of two proteins implicated in the pathogenesis of Parkinson’s disease (Mahul-Mellier et al., 2014). A specific inhibitor of c-Abl like Nilotinib, used for leukemia treatment, promotes autophagic degradation of α-synuclein while protecting neurons (Hebron et al., 2013a; Lonskaya et al., 2014). Interestingly, Nilotinib-induced autophagic changes increase endogenous Parkin level and ubiquitination, favoring amyloid clearance (Lonskaya et al., 2014). Taken together the data indicate that small molecule c-Abl inhibitors (ATP-competitive) may modulate the interplay between c-Abl and ubiquitin-mediated signaling. Convincing evidence indicates that c-Abl-mediated phosphorylation directly regulates the activity of some substrate E3 ligases (Zuckerman et al., 2009; Chan et al., 2013). In addition, negative regulation of E3 ligase activity by c-Abl can require a specific recruitment of c-Abl into a complex with adaptor molecules, necessary for proper localization (Skouloudaki and Walz, 2012). Of note, tyrosine phosphorylation of Parkin on Y143 inhibits its E3 ligase activity leading to an accumulation of Parkin substrates (Ko et al., 2010). On the contrary, Imatinib treatment restores the E3 ligase activity of Parkin and its protective function. Interestingly, administration of Nilotinib has reduced the c-Abl activation and the levels of the Parkin substrate (PARIS) without preventing tyrosine phosphorylation of Parkin and accumulation of the Parkin substrate AIMP2. This suggests that the protective effect of Nilotinib may be in part Parkin-independent or related to the pharmacodynamics properties of Nilotinib (Karuppagounder et al., 2014). Of note, Nilotinib belongs to a second generation of inhibitor, ATP-competitive like Imatinib. It is more potent (>20-fold), exhibiting activity toward the majority of Imatinib-resistant mutations. The majority of Nilotinib–c-Abl interactions overlap with those described in the Imatinib–c-Abl complex. However, Nilotinib binds many of mutants resistant to Imatinib and is less sensitive to mutations of the C-lobe of the kinase (Reddy and Aggarwal, 2012). This may reflect that Nilotinib induces a dynamic rearrangement in the catalytic domain, attenuating the effects of mutations on the auto-inhibited conformation.

CONCLUSION

Compelling evidence indicates the physiological relevance of the interface between c-Abl signaling and stress response, metabolic regulation mediated by transcription factors (Gonfloni et al., 2012). A small molecule that binds to the myristate binding pocket in the C-lobe of the Abl kinase was shown to inhibit Bcr-Abl (Zhang et al., 2010). This result indicates a functional connection between the myristate pocket and the kinase active site. Data from hydrogen exchange mass spectrometry indicate that binding of GNF-2/GNF-5 induces a dynamic conformation of residues near Thr315 that allows ATP-competitive inhibitors to tolerate the isoleucine at this position (Zhang et al., 2010). However, it remains still elusive how changes in the myristate pocket are communicated to the ATP binding site of the kinase. Molecular dynamic (MD) simulations (Fallacara et al., 2014) and emerging evidence from recent structural studies using NMR indicate that c-Abl may assume different conformational states in presence with different small molecule inhibitors (Skora et al., 2013). Together these data indicate that GNF-2 binding induces a more compact conformation of SH2-kinase domain interface of c-Abl. Therefore allosteric ligands for myristoyl pocket may be valuable tools for tackling the interface of c-Abl signaling. They could represent a way to attenuate the enzymatic activity while impinging on critical SH2 domain interactions. This in turn may rewire downstream signaling circuits and/or pathways. Recent evidence on the use of GNF-2 in vivo supports such a model (Maiani et al., 2012). c-Abl interacts with a large number of proteins (up to now more than 100) most of them are also c-Abl substrates (85%; Colicelli, 2010), in line with the idea that substrates can work as allosteric activators of the kinase. A better understanding of the spatiotemporal regulation of c-Abl signaling may allow us to modulate c-Abl signaling into specific subcellular compartments, with important consequences for cell homeostasis. These studies will take advantage from small allosteric compounds/activators as tools to investigate the biological functions of c-Abl (Hong et al., 2014). Surely, a detailed understanding of c-Abl functions will help to develop combined targeted therapies in order to rewire the physiological regulatory circuits in cancer cells and in aged neurons.
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Protein kinases work because their flexibility allows to continuously switch from inactive to active form. Despite the large number of structures experimentally determined in such states, the mechanism of their conformational transitions as well as the transition pathways are not easily to capture. In this regard, computational methods can help to shed light on such an issue. However, due to the intrinsic sampling limitations, much efforts have been done to model in a realistic way the conformational changes occurring in protein kinases. In this review we will address the principal biological achievements and structural aspects in studying kinases conformational transitions and will focus on the main challenges related to computational approaches such as molecular modeling and MD simulations.
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INTRODUCTION

Protein kinases, one of the largest gene families in eukaryotes, are a class of enzymes which regulates several key cellular processes, such as cell growth and differentiation.

They all achieve their function by favoring particular structural arrangements, able to catalyze protein phosphorylation. Despite the high degree of the conservation of the overall fold, each kinase is able to respond to specific signals tuning its activity.

Therefore, these molecules represent a unique example of the nature's ability to introduce diversification through relatively small variations to a highly conserved motif.

Such variations, which rarely modify the optimized structure on the protein free-energy minimum, can severely affect protein flexibility which in turn might modify the transition patterns designed to be optimal for their function.

Protein kinases probably represent one of the most remarkable examples of the importance of the protein flexibility: in fact, they regulate—continuously switching from active to inactive state—multiple biological processes by posttranslational phosphorylation of serine, threonine and tyrosine residues. In this context, the knowledge of their structures, although mandatory, it is not sufficient for a complete understanding of their function, thus, the description of their conformational transition pathways is of paramount importance.

However, the experimental techniques able to accurately describe the transient/intermediate states populated between the conformational changes are still under development (Ban et al., 2011; Waldrop, 2014), thus, computational methods can greatly help in this case.

Atomistic Molecular Dynamics (MD) simulations—based on the classical mechanics laws and using well-refined empirical force fields—are probably the most accurate computational technique for the study of protein flexibility, being able to describe the dynamical evolution of molecular systems at atomistic level of detail. Unfortunately, the time-scale reached by standard MD simulations is still limited by the computational power to the microsecond, thus excluding processes occurring on longer times, such as the conformational transitions of almost all kinases. Therefore, several theoretical-computational techniques able to enhance the conformational sampling were applied to model such a process.

Here, after presenting the structural features of protein kinases, we discuss some recent results obtained in modeling kinase conformational transitions by enhancing sampling techniques and brute-force approaches, highlighting their advantages and limits. Finally, due to the involvement of this protein family in very important diseases such as cancer, we briefly introduce the results reached in drug design using computational techniques able to provide a complete description of the accessible conformational space. We discuss their still full unexploited potential to further enhance the kinase inhibitor performance.

KINASE STRUCTURE AND CONFORMATIONAL VARIABILITY

To get insights into the structure/dynamics/function relationship we need to describe their molecular structure in detail. Although the number of human protein kinase family members is large, the existing X-ray crystallographic studies showed that the three-dimensional (3D) structures of their catalytic domains are similar. Studies based on X-ray structures of PKA revealed that catalytic subunits of protein kinases share a conserved core consisting of two lobes. The N-terminal small lobe (N-lobe) and C-terminal large lobe (C-lobe). These two lobes host a deep pocket that accommodates a molecule of ATP bound to one or two divalent cations: magnesium or manganese that compensate for the strong negative charge of the ATP phosphates (Kornev and Taylor, 2010). This special structural arrangement is required because the phosphoryl transfer reactions are highly depend on the bond distances and charge distribution in the reaction transition state. In particular, structural studies performed with transition state mimics showed that the presence of Mg2+ ions and positively charged groups in its vicinity would imply an associative mechanism for phosphoryl transfer, thus optimizing the overall reaction (Madhusudan et al., 2002). The N-lobe usually includes five β-strands and an α-helix (hereafter called αC-helix). Despite the fact that the β-strands form a relatively rigid antiparallel β sheet, the N-lobe is very dynamic and flexible. The C-lobe is mainly α-helical (Figure 1) and includes the activation segment, a 20–35 residues stretch located between a conserved DFG motif, and the APE motif (Huse and Kuriyan, 2002; Nolen et al., 2004), that is highly conformationally variable and its conformation can influence both substrate binding and catalytic efficiency. The C-lobe serves as a docking site for substrate peptides/proteins. The N-terminal part of the peptide lies in a groove between the αD and αF-helices on one side and the αG-helix on the other side.


[image: image]

FIGURE 1. Ribbon representation of the molecular fold of the CDK2 in the closed (cyan) and open conformation (orange). The structures were extracted from molecular dynamics trajectories (Bešker et al., 2013).



Bioinformatics approaches (Kornev et al., 2006) have shown that key hydrophobic residues in kinases have a strict organization around cores. In particular, the overall fold is joined by two hydrophobic non-contiguous motifs referred as “spines” (Kornev et al., 2008). The spines connect all critically important elements of the protein kinase molecule to a single hydrophobic helix (αF) that provides their positioning in space. These motifs regulate the protein kinase activity. The regulatory spine is typically assembled after phosphorylation loop and the catalytic one is completed by the ATP adenine ring. All these are anchored to the buried hydrophobic αF helix of the C lobe and provide the basic architecture of the core.

The “activation loop” is a highly flexible loop, which adopts an extended conformation in the active kinase domain to function as a binding platform for the peptide substrate. The experimental structures of kinases show that αC-helix (in the small lobe) and the activation loop (in the large lobe) adopt distinct conformations associated with the active or different inactive forms. This extended conformation is stabilized by phosphorylation, as observed in the active and phosphorylated kinase domain of the Src-family kinase Lck (Hantschel and Superti-Furga, 2004). In contrast to the active kinase, the inactive kinases are structurally diverse (Noble et al., 2004). This diversity arises because no catalytic requirements constrain the fold when it is inactive, with the presence of different inactive conformations that, nevertheless, share a number of common structural themes.

In many kinases αC-helix can rotate and change its position, thereby altering the orientation of key catalytic residues. In the active state of EGFR kinase, the activation loop maintains a β 9 strand and an overall conformation compatible with substrate binding while the αC-helix is adjacent to the ATP-binding site (the “αC-in”conformation), and the catalytic important Asp831 residue of the conserved “DFG” motif is found within that site (“DFG-in”). That is, in the active state, the phenylalanine (Phe) side-chain occupies the ATP-binding pocket, and the aspartate (Asp) side-chain is located in the outside of the pocket. When the so-called “DFG-flip” occurs, the Asp and Phe residues swap: the Asp side-chain rotates into the ATP-binding pocket, and the Phe side-chain rotates out of the ATP-binding pocket (DFG-out conformation), leading the kinases to the inactive state (Shan et al., 2009). Some human kinases were shown to be able to adopt the DFG-out conformation (Debondt et al., 1993; Sicheri et al., 1997; Xu et al., 1997) and it was suggested that the DFG-in and DFG-out conformations are in dynamic equilibrium and can interconvert to determine the kinase function (Levinson et al., 2006).

The protein kinase fold may switch between an active or inactive conformation by extra domains or separate subunits. How the active and inactive states are stabilized and how states interconvert are key questions in understanding kinase regulation. Typically, the activation segment contains a serine/threonine or tyrosine residue that can be phosphorylated. This site is referred to as first “phosphorylation site”; some kinases can have up to three phosphorylation site in the activation loop and perform function specific for these kinases. Other kinases, called non-RD kinases, lack the conserved arginine residue in kinase subdomain and it has been observed that some of them do not autophosphorylate the activation loop and are either constitutively active or regulated through alternative mechanisms (Dardick and Ronald, 2006). Most protein kinases are comprised of more than just the kinase domain. This can be flanked by other domains which tend to be quite dynamic or are part of a multi-subunit complex such as the Cyclin-dependent Kinases (CDK) which require an activating cyclin or phosphorylase kinase. Others such as the receptor tyrosine kinases are anchored to membranes and often have long segments that tether them to the membrane as well as long C-terminal tails. Certain protein kinases can be activated or inhibited by specific polypeptide cofactors. In CDK2 the activation depends on association with a cyclin subunit via the interaction of the αC-helix with specific hydrophobic residues on cyclin that enable the active site to be accessible for phosphorylation (Lowe et al., 1997; Lolli, 2010). Many protein kinases dimerize as part of their activation mechanism, and dimerization can be regarded as a special case of kinase activation by accessory proteins or domains. In such cases, either both partners are activated by reciprocal phosphorylation or one partner (the activator kinase) activates the other (the receiver kinase) through an allosteric mechanism (Endicott et al., 2012).

COMPUTATIONAL STUDIES: AN OVERVIEW

Computational works focusing on kinase conformational transitions can be divided in two groups: those based on brute-force approach, where the system was simulated for microseconds and those where the dynamical evolution of the system was altered to speed up the sampling. Using the former approach and a special-purpose supercomputer, the group of D.E. Shaw described spontaneous transitions in the microsecond time-scale for the kinase domain of the EFGR from the active to the so-called “Src-like inactive” conformation by way of two sets of intermediate conformations, significantly different from the existing crystal structures. Interestingly, in one of them the helical arrangement of the activation loop (A-loop) leaves the well-known phosphorylation site exposed (Shan et al., 2013). Similarly, Yang et al. used several independent MD trajectories starting from the putative intermediate conformations to reconstruct the transitions pathways between active and inactive states for the Src kinase and identified the concerted conformational rearrangements in terms of structural regions of the protein, such as the A-loop and the αC-helix (Yang et al., 2009). They also found that transient structures in not fully active conformations allow exposure of Tyr416 to the bulk solvent—the residue whose phosphorylation locks the Src in the active state—a feature typical of the fully active states. In an extensive application of the Replica Exchange MD—an enhancing sampling technique favoring the overcome of potential energy barriers—Huang et al. found that the αC-helix acts as an energy switch between the active and inactive conformations and describe the sequence of events along the optimal inactivation path as the fold of the A-loop into the active site followed by the αC-helix movement (Huang et al., 2012).

Due to the large computational requirements, brute-force approaches are still limited to few research groups and inevitably to few systems. Therefore, a class of theoretical-computational methods able to sample the conformational rearrangements at limited computational costs were applied to protein kinases. Perturbative approaches, which are likely to be the most powerful techniques to model the free energy of a chemical reaction, are not particularly suited in this case, mainly because it is very difficult to find a proper reaction coordinate in a high-dimensional space able to fully discriminate the two conformational states. Three of such methods, the Targeted, Steered and Biased MD were applied to model the conformational transitions between the active/inactive forms of the catalytic domain of LYN kinase, a member of the Src family of protein tyrosine kinases: the results showed that although the transition pathways described by these approaches are similar, the path is strongly dependent on the choice of progress variable (Huang et al., 2009).

One of the most interesting approaches, however, is based on the possibility to iteratively select the conformations sampled by unbiased MD which are most likely to be productive, in order to limit the time spent in sampling the conformational space regions within the free-energy minimum basin. In this regard, Beckstein et al. applied the RMSD as a measure to apply their Dynamic IMportance Sampling (DIMS) algorithm to describe the zipping and unzipping of adenylate kinase (Beckstein et al., 2009). From their results, a cooperative salt bridge zipper is hypothesized to be the rate-limiting step of the apo-AdK conformational transition.

Following a similar approach, our group applied the Essential Dynamics algorithm to the description of the conformational transitions in the CDK2 (Bešker et al., 2013). The power of such a technique is due to the fact the direction in the high-dimensional space is described by the native protein movements in its stable conformational states, e.g., open and closed. In this case, the choice of the progress variable(s) is natural and self-defined by the unbiased MD simulations of the starting and target state. In the case of CDK2, we found that both the opening and closure follow common transition paths in the essential subspace, involving the same structural determinants (i.e., the αC-helix and the activation loop) but in opposite order, indicating that the time-sequence of such rearrangements determines the specific protein conformational transition. It is worth noting that due to their high computational efficiency, the last two methods can be used to fill the gap between single-system and system-wide studies, thus providing an unvaluable source of information at the protein family level.

All the above methods, with their advantages and shortcomings, represent an intriguing field of research and, in the case of the kinase conformational transitions, they have contributed to a better description of the transition pathways between the active and inactive forms.

Nevertheless, several important aspects from a biochemical point of view are still not well-characterized in detail, including for example the possibility to bridge the gap between the atomic description of the transitions and the protein activity and/or the role played by possible biological partners. In the next few years, with the support of new or refined enhancing sampling algorithm and the fast growth of the computational power, we envision that a better modeling of large conformational rearrangements of biomolecules, as those occurring in kinases, will be within range of the scientific community.

INHIBITORS

The central biological role of protein kinases leads to their frequent alteration in several pathologies, first of all cancer. It is not surprising, therefore, that they are major targets for therapy. The great number of family members and their high degree of conservation, however, easily lead to multi target inhibition and therefore important side effects. First-generation CDK inhibitors, for instance, targeted the non-specific ATP-binding site and were discarded in the pre-clinical phase because of their toxic effects (Lapenna and Giordano, 2009).

The importance of kinase structural flexibility on the rational drug design of their inhibitor can be appreciate looking at the experience of imatinib, the first Bcr-Abl inhibitor approved by the US Food and Drug Administration that revolutionized treatment of Chronic Myelogenous Leukaemia (CML). At the time of this drug discovery, the structural knowledge on the kinase family was not deep enough to rationalize its mode of action, but several subsequent studies demonstrated that imatinib exploits the change of conformation of the DFG-motif in the unphosphorylated inactive form (Lambert et al., 2013). These second generation inhibitors, targeting a variable region in the inactive form, are more capable of discerning among kinases but at the same time have the Achilles' heel of a greatest rate of drug-resistant mutations (Noble et al., 2004).

First generation inhibitors, in fact, targeting the active conformation, seldom developed drug-resistant mutations because they would have compromised the kinase activity. The war against cancer, therefore, moved another step, going against imatinib resistant cancers.

A growing number of experimentally solved kinase structures (more than 5000 in PDB database), both in active and inactive forms, and several MD simulations at microsecond-timescale have changed our knowledge on this protein family. These deep roots made possible the successful application of in silico rational drug design in a growing number of cases: (1) the so-called hybrid-design was carried out, in which the same kinase inhibitor targets different protein regions, thus merging the characteristic of potency (typical of first generation inhibitors) and selectivity (obtained by second generation ones) (Albaugh et al., 2012); (2) imatinib was also reengineered to reduce its cardiotoxicity, by making use of a different water propensity of two residues in the principal and secondary target kinases (Fernandez et al., 2007). Several MD simulations were carried out at this scope, that were able to discriminate the dynamic and structural characteristics of Bcr-Abl and C-Abl kinases, this last responsible for the cardiotoxic effects; (3) systematic rigid body docking of potential inhibitors against 84 unique protein kinases identified three derivatives of indirubin (Zahler et al., 2007), one of which has been recently indicated as particularly active against cancer metastasis (Braig et al., 2013).

The research on better kinase inhibitors by computational methods has focused not only on the target but on the ligand as well, with the so-called Pharmacophore Modeling approach, i.e., “an ensemble of steric and electronic features that is necessary to ensure the optimal supramolecular interactions with a specific biological target and to trigger (or block) its biological response” (Wermuth et al., 1998). Modern drug design combines more computational approach, as in the case of the identification of novel inhibitors against thymidine monophosphate kinase of M. tuberculosis with potent antitubercular activity, obtained through the combination of pharmacophore modeling, docking simulation, and structure interaction fingerprint analysis (Kumar et al., 2009).

It is easy to predict that these coming years will still be rich of new kinase inhibitors with improved selectivity and mutant resistance. In fact, new targets, coming from the computational and experimental characterization of kinase intermediates are combined with improved computer-aided drug design methods.

CONCLUSIONS AND PERSPECTIVES

As briefly highlighted in this review, the intrinsic flexibility of the kinases represents a very intense field of research. The recent developments in theoretical-computational modeling are contributing to elucidate the actual dynamical behavior of the kinase domains, thus leading to the possibility of enhancing the design of new and selective inhibitors using a proper atomistic description of their conformational basins and the pathways along which they continuously move to tune their activity. Finally, the growth of computational power as well as the development of new theoretical treatments able to model slow and/or rare events at limited computational costs are making it possible to switch from single-system modeling of the kinase dynamical behavior to a system-wide modeling.

ACKNOWLEDGMENTS

This work was supported by MIUR-FIRB grant (n. RBFR12BGHO) and “Rita Levi Montalcini” research program.

REFERENCES

 Albaugh, P., Fan, Y., Mi, Y., Sun, F., Adrian, F., Li, N., et al. (2012). Discovery of GNF-5837, a Selective TRK Inhibitor with efficacy in rodent cancer tumor models. ACS Med. Chem. Lett. 3, 140–145. doi: 10.1021/ml200261d

 Ban, D., Funk, M., Gulich, R., Egger, D., Sabo, T. M., Walter, K. F. A., et al. (2011). Kinetics of conformational sampling in ubiquitin. Angew. Chem. Int. Ed. 50, 11437–11440. doi: 10.1002/anie.201105086

 Beckstein, O., Denning, E. J., Perilla, J. R., and Woolf, T. B. (2009). Zipping and unzipping of adenylate kinase: atomistic insights into the ensemble of open <−> closed transitions. J. Mol. Biol. 394, 160–176. doi: 10.1016/j.jmb.2009.09.009

 Bešker, N., Amadei, A., and D'Abramo, M. (2013). Molecular mechanisms of activation in CDK2. J. Biomol. Struct. Dyn. doi: 10.1080/07391102.2013.844080. [Epub ahead of print].

 Braig, S., Kressirer, C. A., Liebl, J., Bischoff, F., Zahler, S., Meijer, L., et al. (2013). Indirubin derivative 6BIO suppresses metastasis. Cancer Res. 73, 6004–6012. doi: 10.1158/0008-5472.CAN-12-4358

 Dardick, C., and Ronald, P. (2006). Plant and animal pathogen recognition receptors signal through non-RD kinases. PLoPathog. 2:e2. doi: 10.1371/journal.ppat.0020002

 Debondt, H. L., Rosenblatt, J., Jancarik, J., Jones, H. D., Morgan, D. O., and Kim, S. H. (1993). Crystal-structure of cyclin-dependent kinase-2. Nature 363, 595–602. doi: 10.1038/363595a0

 Endicott, J. A., Noble, M. E. M., and Johnson, L. N. (2012). The structural basis for control of eukaryotic protein kinases. Annu. Rev. Biochem. 81, 587–613. doi: 10.1146/annurev-biochem-052410-090317

 Fernandez, A., Sanguino, A., Peng, Z., Ozturk, E., Chen, J., Crespo, A., et al. (2007). An anticancer C-Kit kinase inhibitor is reengineered to make it more active and less cardiotoxic. J. Clin. Invest. 117, 4044–4054. doi: 10.1172/JCI32373

 Hantschel, O., and Superti-Furga, G. (2004). Regulation of the C-Abl and Bcr-Abl tyrosine kinases. Nat. Rev. Mol. Cell Biol. 5, 33–44. doi: 10.1038/nrm1280

 Huang, H., Ozkirimli, E., and Post, C. B. (2009). Comparison of three perturbation molecular dynamics methods for modeling conformational transitions. J. Chem. Theory Comput. 5, 1304–1314. doi: 10.1021/ct9000153

 Huang, H., Zhao, R., Dickson, B. M., Skeel, R. D., and Post, C. B. (2012). alpha C Helix as a Switch in the conformational transition of Src/CDK-like kinase domains. J. Phys. Chem. B 116, 4465–4475. doi: 10.1021/jp301628r

 Huse, M., and Kuriyan, J. (2002). The conformational plasticity of protein kinases. Cell 109, 275–282. doi: 10.1016/S0092-8674(02)00741-9

 Kornev, A. P., Haste, N. M., Taylor, S. S., and Ten Eyck, L. F. (2006). Surface comparison of active and inactive protein kinases identifies a conserved activation mechanism. Proc. Natl. Acad. Sci. U.S.A. 103, 17783–17788. doi: 10.1073/pnas.0607656103

 Kornev, A. P., and Taylor, S. S. (2010). Defining the conserved internal architecture of a protein kinase. Biochim. Biophys. Acta 1804, 440–444. doi: 10.1016/j.bbapap.2009.10.017

 Kornev, A. P., Taylor, S. S., and Ten Eyck, L. F. (2008). A helix scaffold for the assembly of active protein kinases. Proc. Natl. Acad. Sci. U.S.A. 105, 14377–14382. doi: 10.1073/pnas.0807988105

 Kumar, A., Chaturvedi, V., Bhatnagar, S., Sinha, S., and Siddiqi, M. I. (2009). Knowledge based identification of potent antitubercular compounds using structure based virtual screening and structure interaction fingerprints. J. Chem. Inf. Model. 49, 35–42. doi: 10.1021/ci8003607

 Lambert, G. K., Duhme-Klair, A. K., Morgan, T., and Ramjee, M. K. (2013). The background, discovery and clinical development of BCR-ABL inhibitors. Drug Discov. Today 18, 992–1000. doi: 10.1016/j.drudis.2013.06.001

 Lapenna, S., and Giordano, A. (2009). Cell cycle kinases as therapeutic targets for cancer. Nat. Rev. Drug Discov. 8, 547–566. doi: 10.1038/nrd2907

 Levinson, N. M., Kuchment, O., Shen, K., Young, M. A., Koldobskiy, M., Karplus, M., et al. (2006). A Src-like inactive conformation in the Abl tyrosine kinase domain. PLoS Biol. 4:e144. doi: 10.1371/journal.pbio.0040144

 Lolli, G. (2010). Structural dissection of cyclin dependent kinases regulation and protein recognition properties. Cell Cycle 9, 1551–1561. doi: 10.4161/cc.9.8.11195

 Lowe, E. D., Noble, M. E. M., Skamnaki, V. T., Oikonomakos, N. G., Owen, D. J., and Johnson, L. N. (1997). The crystal structure of a phosphorylase kinase peptide substrate complex: kinase substrate recognition. Embo. J. 16, 6646–6658. doi: 10.1093/emboj/16.22.6646

 Madhusudan, P. A., Xuong, N. H., and Taylor, S. S. (2002). Crystal structure of a transition state mimic of the catalytic subunit of cAMP-dependent protein kinase. Nat. Struct. Biol. 9, 273–277. doi: 10.1038/nsb780

 Noble, M. E. M., Endicott, J. A., and Johnson, L. N. (2004). Protein kinase inhibitors: Insights into drug design from structure. Science 303, 1800–1805. doi: 10.1126/science.1095920

 Nolen, B., Taylor, S., and Ghosh, G. (2004). Regulation of protein kinases: controlling activity through activation segment conformation. Mol. Cell 15, 661–675. doi: 10.1016/j.molcel.2004.08.024

 Shan, Y., Arkhipov, A., Kim, E. T., Pan, A. C., and Shaw, D. E. (2013). Transitions to catalytically inactive conformations in EGFR kinase. Proc. Natl. Acad. Sci. U.S.A. 110, 7270–7275. doi: 10.1073/pnas.1220843110

 Shan, Y., Seeliger, M. A., Eastwood, M. P., Frank, F., Xu, H., Jensen, M. O., et al. (2009). A conserved protonation-dependent switch controls drug binding in the Abl kinase. Proc. Natl. Acad. Sci. U.S.A. 106, 139–144. doi: 10.1073/pnas.0811223106

 Sicheri, F., Moarefi, I., and Kuriyan, J. (1997). Crystal structure of the Src family tyrosine kinase Hck. Nature 385, 602–609. doi: 10.1038/385602a0

 Waldrop, M. M. (2014). The big guns. Nature 505, 604–606. doi: 10.1038/505604a

 Wermuth, G., Ganellin, C. R., Lindberg, P., and Mitscher, L. A. (1998). Glossary of terms used in medicinal chemistry (IUPAC Recommendations 1998). Pure Appl. Chem. 70, 1129–1143. doi: 10.1351/pac199870051129

 Xu, W. Q., Harrison, S. C., and Eck, M. J. (1997). Three-dimensional structure of the tyrosine kinase c-Src. Nature 385, 595–602. doi: 10.1038/385595a0

 Yang, S., Banavali, N. K., and Roux, B. (2009). Mapping the conformational transition in Src activation by cumulating the information from multiple molecular dynamics trajectories. Proc. Natl. Acad. Sci. U.S.A. 106, 3776–3781. doi: 10.1073/pnas.0808261106

 Zahler, S., Tietze, S., Totzke, F., Kubbutat, M., Meijer, L., Vollmar, A. M., et al. (2007). Inverse in silico screening for identification of kinase inhibitor targets. Chem. Biol. 14, 1207–1214. doi: 10.1016/j.chembiol.2007.10.010

Conflict of Interest Statement: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Received: 01 March 2014; Accepted: 22 April 2014; Published online: 13 May 2014.

Citation: D'Abramo M, Besker N, Chillemi G and Grottesi A (2014) Modeling conformational transitions in kinases by molecular dynamics simulations: achievements, difficulties, and open challenges. Front. Genet. 5:128. doi: 10.3389/fgene.2014.00128

This article was submitted to Systems Biology, a section of the journal Frontiers in Genetics.

Copyright © 2014 D'Abramo, Besker, Chillemi and Grottesi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) or licensor are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.








	
	ORIGINAL RESEARCH ARTICLE
published: 05 May 2014
doi: 10.3389/fgene.2014.00115
	[image: image1]





Combining affinity proteomics and network context to identify new phosphatase substrates and adapters in growth pathways


Francesca Sacco1*, Karsten Boldt2, Alberto Calderone1, Simona Panni3, Serena Paoluzi1, Luisa Castagnoli1, Marius Ueffing2,4 and Gianni Cesareni1,5*


1Department of Biology, University of Rome Tor Vergata, Rome, Italy

2Division of Experimental Ophthalmology, Centre for Ophthalmology, Institute for Ophthalmic Research, University of Tuebingen, Tuebingen, Germany

3Department DiBEST, University of Calabria, Rende, Italy

4Research Unit for Protein Science, Helmholtz Zentrum München, Neuherberg, Germany

5Istituto Ricovero e Cura a Carattere Scientifico, Fondazione Santa Lucia, Rome, Italy

* Correspondence: Francesca Sacco and Gianni Cesareni, Department of Biology, University of Rome Tor Vergata, Via della ricerca scientifica, 00133 Rome, Italy e-mail: francesca.sacco@uniroma2.it; gianni.cesareni@uniroma2.it



Edited by:
Andreas Zanzoni, Inserm TAGC UMR1090, France

Reviewed by:
Antonio Feliciello, University Federico II, Italy
 Roberto Sacco, CeMM-Research Center for Molecular Medicine of the Austrian Academy of Sciences, Austria
 Montserrat Soler-Lopez, Institute for Research in Biomedicine, Spain

Protein phosphorylation homoeostasis is tightly controlled and pathological conditions are caused by subtle alterations of the cell phosphorylation profile. Altered levels of kinase activities have already been associated to specific diseases. Less is known about the impact of phosphatases, the enzymes that down-regulate phosphorylation by removing the phosphate groups. This is partly due to our poor understanding of the phosphatase-substrate network. Much of phosphatase substrate specificity is not based on intrinsic enzyme specificity with the catalytic pocket recognizing the sequence/structure context of the phosphorylated residue. In addition many phosphatase catalytic subunits do not form a stable complex with their substrates. This makes the inference and validation of phosphatase substrates a non-trivial task. Here, we present a novel approach that builds on the observation that much of phosphatase substrate selection is based on the network of physical interactions linking the phosphatase to the substrate. We first used affinity proteomics coupled to quantitative mass spectrometry to saturate the interactome of eight phosphatases whose down regulations was shown to affect the activation of the RAS-PI3K pathway. By integrating information from functional siRNA with protein interaction information, we develop a strategy that aims at inferring phosphatase physiological substrates. Graph analysis is used to identify protein scaffolds that may link the catalytic subunits to their substrates. By this approach we rediscover several previously described phosphatase substrate interactions and characterize two new protein scaffolds that promote the dephosphorylation of PTPN11 and ERK by DUSP18 and DUSP26, respectively.
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INTRODUCTION

Protein phosphorylation is a common post-translational modification governing signal propagation (Mann and Jensen, 2003). The concerted activity of kinases and phosphatases modulate protein phosphorylation levels and control key physiological processes, such as migration, proliferation, inflammation, and apoptosis (Graves and Krebs, 1999; Manning et al., 2002a,b). Till recently protein phosphatases have been considered uninteresting housekeeping enzymes and have received less attention compared to kinases (Bardelli and Velculescu, 2005). However, evidence accumulated over the past decades have indicated that this enzyme class plays an important regulatory role and that the deregulation of the concentration or activity of specific phosphatases correlate with a variety of human disorders (Wera and Hemmings, 1995; Tonks, 2006). Notably, approximately 40% of protein phosphatases are implicated in tumor development, highlighting the central role of this enzyme group in growth regulation and identifying some members of this enzyme class as promising therapeutic targets (Julien et al., 2011; Liberti et al., 2013). One of the problems in the characterization, on a large scale, of the functional role of members of the phosphatase family is the lack of a simple, robust, method to identify physiologically relevant substrates. Many phosphatases have low intrinsic enzymatic specificity and are able to de-phosphorylate many substrates non-specifically in vitro (Tremblay, 2009). Alternative methods such as the use of trapping mutants (Blanchetot et al., 2005) are often used, but the identification of direct phosphatase substrates still remains a challenge.

In order to characterize new modulators of some key cancer associated pathways and to identify their direct targets, we have recently proposed a novel strategy based on a phosphatase high content siRNA screening combined with modeling and simulation. This approach enabled the identification of 62 phosphatase catalytic or regulatory subunits whose down-regulation affects one or more of five readouts linked to cell proliferation: ERK, p38, and NFkB activation, rpS6 phosphorylation and autophagy (Sacco et al., 2012a). However, this approach was not designed to identify the direct phosphatase substrates, responsible for the phenotypic effect.

Here we delineate a strategy to identify protein scaffolds that may contribute to substrate recognition specificity by bridging the phosphatases to their targets. To develop this strategy we focused on eight phosphatase subunits whose down-regulation was found to affect ERK and/or RPS6 phosphorylation and are therefore modulators of the RAS-PI3K pathway (Figure 1). To identify new phosphatase substrates involved in the control of the RAS-PI3K pathway we first built a protein interaction network (PPI) by combining information extracted from protein interaction databases and results from new affinity purification experiments. This analysis confirmed that the identified phosphatase interactors often act as molecular bridges linking enzymes to substrates. In addition we independently validated a subset of these predictions
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FIGURE 1. Phosphatases affecting the RAS-PI3K pathway. (A) The results depicted in this figure are a subset of the results reported by Sacco et al. (2012a). The squares represents the main proteins that are involved in the PI3K and RTK/RAS signaling cascades. Green squares are the phosphorylated proteins that have been used as readouts in the screening. The phosphatase whose down regulation was shown to affect the readouts are represented as circles and are linked to readouts with red or green edges depending on whether their down-regulation negatively or positively affected the readouts. The intensity of the edge red or green color represents the trust in the reported interaction (number of concordant siRNA). The color of the phosphatase nodes is mapped to the phosphatase family according to the figure legend. (B) As previously described by Sacco et al., after phosphatase down-regulation the activation level of ERK and rpS6 was analyzed by automated immunofluorescence microscopy. Here, we report the ERK and rpS6 phosphorylation level after the down-regulation of some phosphatases hits.



RESULTS

THE PHOSPHATASE INTERACTOME

We have used the results of the siRNA screening (Sacco et al., 2012a) to select eight phosphatases that modulate the activity of the RAS-PI3K pathway. The phosphatase catalytic or regulatory subunits were cloned in frame C-terminal to an SF-TAP cassette and transiently transfected in HeLa cells. These constructs direct the synthesis of four tyrosine phosphatases (PTPN21, PTPN3, DUSP18, and DUSP26), three components of the PP2A holoenzyme (the PPP2R3C regulatory subunit, the PPP2R1A scaffold subunit and the PPP2CA catalytic subunit) and the PPP3CA (calcineurin) serine/threonine phosphatase. As negative control, HeLa cells were transiently transfected with the empty vector SF-TAP. Since in our siRNA screening phosphatases controlling the activity of the RAS-PI3K pathway were identified in HeLa cells stimulated with TNFα for 10 min, we decided to perform the affinity purification experiments in the same experimental condition. Thus, phosphatase transfected cells were stimulated with TNFα for 10 min or left untreated. While the control cells were grown in a medium containing natural amino acids, phosphatase transfected cells with or without TNFα were, respectively, grown in media containing isotopically labeled lysine and arginine amino acids (SILAC) (Ong et al., 2002). After lysis, phosphatases, and regulatory subunits were affinity purified and analyzed by mass spectrometry (Table S1), as described in Materials and Methods (Figure 2). Contaminants binding to these baits were identified by their equal abundance in both (Table S3), the affinity-purified phosphatase sample and the negative control (Meixner et al., 2011), whereas true co-purified interactors to a given phosphatase were identified by selective enrichment of their peptides (Table S2). Only those that were significantly enriched in our samples were considered for further analysis, as described in Materials and Methods. As shown in Figure 3, this strategy resulted in a highly connected interaction network. Approximately 10% of the identified interactions have already been reported in the literature. Indeed we were able to recapitulate most of the interactions occurring between the catalytic and the scaffold subunits of the PP2 holoenzyme, which, as expected, share a significant number of common interactors, many of which are regulatory subunits. These observations taken together with the validation by coimmunoprecipitation assays of some of the newly identified phosphatase interactions (Figure S1) confirm the reliability of our experimental approach. In addition in Figure S1, we demonstrated that our affinity purification experiments enabled the identification of new phosphatase interactors (the dynein protein, DLC1 and the serine threonine kinase, ATM) already involved in the regulation of the autophagy process. With the exception of the PPP2CA-DLC1 binding, both DUSP26-ATM and PTPN21-DLC1 associations are decreased upon an autophagic stimulus (starvation), suggesting that these interactions may have a regulatory role in the autophagy process.
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FIGURE 2. Experimental strategy. Schematic overview of the experimental strategy applied to analyze the phosphatase interactome. Phosphatase transfected HeLa cells with or without TNFα were grown in media containing heavy isotope labeled lysine and arginine amino acids, while the control cells were grown in a medium containing natural amino acids. After lysis, phosphatases, and regulatory subunits were affinity purified by Strep purification and analyzed by mass spectrometry as described in Materials and Methods section. Phosphatase interactors were identified and quantified by their significant enrichment compared to the control and TNFa-induced alterations were quantified.
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FIGURE 3. The human phosphatase interactome. Phosphatases (squares) are linked to the experimentally identified interactors (circles) by edges. Edges are colored according to the functional relationships between the nodes they connect: interactions positively regulated by TNFα are in green; interactions negatively regulated by TNFα are red and TNFα independent interactions in black. Dashed lines represent interactions that have already been reported in the literature. Interactors are colored according to their functional association as revealed by our Kegg-Pathways enrichment analysis performed by the DAVID software. The phosphatase nodes are labeled according to the Kegg pathways that was significantly overrepresented in the phosphatase interactors and substrates (p-value < 0.005).



Since the affinity purification was also carried out with or without incubation with TNFα we can also provide dynamically regulated interactions in response to TNFα treatment. As shown in Figure 3, a few interactions are positively (green edge) or negatively (red edge) regulated by TNFα incubation. The vast majority of the co-purified ligands, however, are TNFα independent (black edges).

GUILT BY ASSOCIATION

Next we used the phosphatase interactome derived from the in vivo pull down experiment to ask whether the phosphatase interaction network could provide hints toward specific pathways that are affected by phosphatase activity. To this aim, we performed a KEGG- pathway enrichment analysis of the ligands of each of the phosphatases, by using the Functional Annotation Tool, David (Huang da et al., 2009). The two phosphatases PTPN21 and PPP2CA and the PP2 scaffold subunit PPP2R1A were significantly associated to RTK signaling (Figure 3), in agreement with their established involvement in the modulation of EGF signaling by controlling the SRC and S6K kinases, respectively (Cardone et al., 2004; Carlucci et al., 2010; Hahn et al., 2010). In addition our enrichment analysis reveals a statistically significant association of PPP3CA with cell differentiation signaling. This result is consistent with the report by Kao et al. that the differentiation of Schwann cells requires the activity of the PPP3CA phosphatase (Kao et al., 2009). Similarly, we found that DUSP26 is significantly correlated with the DNA damage response. This conclusion is in accordance with the observations that DUSP26 inhibits the p53 tumor suppressor function, by suppressing doxorubicin-induced apoptosis in human neuroblastoma cells (Shang et al., 2010). On the other hand, our experimental strategy led to the identification of new biological processes that are controlled by these protein phosphatases (e.g., vesicular trafficking and cell metabolism). As shown in Figure 3, the interactors of both DUSP18 and PTPN3 were not significantly associated to any specific pathway.

Next we looked for evidence that the proteins that copurified with each phosphatase may form complexes. To this end, we queried the mentha database (Calderone et al., 2013), and looked for evidence of interactions between ligands of each bait phosphatase. The interactors of five of the eight phosphatases are linked by direct interactions. As illustrated in Figure 4A, we found that DUSP26 copurifies with the serine/threonine kinase ATM, which, in response to genotoxic stress, phosphorylates the two Fanconi proteins FANCI and FANCD2, triggering the S-phase checkpoint activation (Taniguchi et al., 2002). A third DUSP26 ligand, TELO2, which is a member, together with TTI1 and TTI2, of the TTT complex (Hurov et al., 2010) also interacts with ATM.
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FIGURE 4. Evidence for detection of multi-protein complexes. We queried the mentha protein interaction database to look for direct interactions among the phosphatase interactors. For five out of the eight baits we were able to retrieve information on direct interactions between the affinity purified interactors. Phosphatases are represented as yellow squares. DUSP26 (A), PTPN3 (B), PTPN21 (C), and PPP2CA (D) are linked to their substrates by different edges. As in Figure 1, continuous and dashed gray lines represent experimental and literature supported interactions, respectively. Black edges indicate direct interactions occurring among the phosphatase interactors. The color of the nodes is mapped according to the size of the putative complexes formed by the proteins according to the figure legend.



PTPN21, on the other hand, interacts with the scaffold protein GRB2, which associates with DNAJB11, DYNLL1, and UBR, suggesting that some of the identified interactors may copurify by indirect interactions (Figure 4C). Similarly we found that PTPN3 interact with the mitochondrial ribosomal subunit ICT1 that binds GADD45GIP1 and POLRMT1 proteins (Figure 4B).

As expected, the catalytic and scaffold subunit of PP2A share many interactors, confirming that such heterodimer forms different protein complexes that act on distinct substrates, by recruiting multiple regulatory subunits (Figure 4D).

PTPN21 ASSOCIATES WITH THE SH3 DOMAIN OF GRB2

Among all phosphatase-interaction partners, we focused on the newly discovered interaction between the scaffold protein GRB2 and the tyrosine phosphatase PTPN21, both partners mapping to the RAS-PI3K signaling pathway. Cardone et al. reported that PTPN21 is recruited to mitochondria by binding the scaffold protein AKAP121 and that this interaction is essential for the phosphatase dependent dephosphorylation of the inhibitory tyrosine 527 of the SRC kinase (Cardone et al., 2004; Carlucci et al., 2010).

GRB2 is an essential adapter protein consisting of two SH3 domains flanking one central SH2 domain. The affinity purification assay results suggest that the GRB2-PTPN21 interaction is not likely to occur in a phosphorylation dependent manner, since it is not modulated by TNFα (Figure 3). However, phosphoproteomics of both cancer and embryonic stem cells revealed that PTPN21 contains multiple tyrosine phosphorylated residues (Rikova et al., 2007; Guo et al., 2008; Brill et al., 2009). In order to map the GRB2-PTPN21 interaction to a specific GRB2 domain and assess whether such binding occurs in a phosphorylation dependent manner, the SH2 domain of GRB2 as well as its two SH3 domains were purified as GST fusion proteins and incubated with whole protein extracts co-transfected with Flag-PTPN21 in presence or in absence of a constitutively active SRC kinase mutant (Y527F). As shown in Figure 5A, PTPN21 strongly binds the C-terminal SH3 domain of GRB2 and to a lesser extent the N-term SH3 domain, independently from SRC. On the other hand, the GRB2 SH2 domain does not interact with PTPN21. The analysis of PTPN21 protein sequence reveals that it contains a SH3 binding motif (564RPPPPYPPPRP574), whose sequence matches the GRB2 binding specificity described by Carducci et al. (2012). These results support the existence of a PTPN21-GRB2 complex that is phosphorylation independent and likely occurs between the carboxy-terminal SH3 domain of GRB2 and PTPN21 (Figure 5B).
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FIGURE 5. The PTPN21 phosphatase physically associates with the C-terminal SH3 domain of GRB2. (A) GST fusion proteins of the N-terminal, C-terminal SH3 domain as well as the SH2 domain of GRB2 were incubated with a protein extract of HeLa cells transiently transfected with Flag-PTPN21 in presence or in absence of constitutively activated Y527F SRC kinase. Affinity-purified SH2 and SH3 domains ligands were separated by SDS-PAGE and transferred onto cellulose membranes. The blots were probed with anti-Flag (WB: α-4G10) and anti-phosphotyrosine (WB: α-4G10) antibodies. The cell lysate (input) and the sample affinity-purified with the GST protein (GST) were used as controls. (B) A schematic representation of the modular domain structure of GRB2 and PTPN21 proteins is represented. According to our data, the SH3 binding motif (564RPPPPYPPPRP574) of PTPN21 binds the GRB2 C-terminal SH3 domain. (C) HeLa cells were transiently co-transfected with Flag-PTPN21 and with constitutively activated Y527F SRC kinase expression plasmids. After cell lysis, whole protein extracts were immunoprecipitated with anti-GRB2 antibody. The membrane was probed with anti-GRB2 (WB: α-GRB2), anti-Flag (WB: α-Flag) and anti-phospho tyrosine (WB: α-4G10) antibodies.



Next we asked whether the formation of the PTPN21 GRB2 complex promotes the dephosphorylation of GRB2. For this purpose, GRB2 tyrosine phosphorylation was induced by transfecting HeLa cells with the constitutively active SRC kinase mutant (Y527F) in presence or in absence of Flag-PTPN21. As shown in Figure 5C, after cell lysis and immunoprecipitation with anti-GRB2, PTPN21 was found to associate with GRB2. However, when PTPN21 is overexpressed, GRB2 phosphorylation, if anything, seems to be slightly increased, as revealed by probing the GRB2 protein with an anti-phospho tyrosine antibody (Figure 5C). Thus, GRB2 is not a substrate of PTPN21 but may play a role in targeting PTPN21 to different substrates.

A STRATEGY TO IDENTIFY NEW PHOSPHATASE SUBSTRATES IN GROWTH PATHWAYS

Having obtained a high coverage interactome of the eight phosphatases that affect the RAS-PI3K pathway we used it to develop a general strategy that could infer the direct target of these phosphatases. Phosphatase-substrate interaction is weak and transient, thus it is unlikely that substrates can be identified by co-immunoprecipitation. In fact none of the interactors identified in the affinity purification experiments are among the validated substrates annotated in the HUPHO and DEPOD databases (Li et al., 2013; Liberti et al., 2013). It has been reported that much of phosphatase substrate specificity, localization and activity is modulated by the interaction with scaffold/regulatory proteins that target them to specific locations (Roy and Cyert, 2009; Sacco et al., 2012b). We hypothesized that some of the interactors identified by our approach act as molecular bridges linking phosphatase to substrates participating in the RAS-PI3K pathway. For this reason, we made use of the PPI network downloaded from the mentha database (Calderone et al., 2013) to link phosphatase interactors to putative substrates in the RAS-PI3K pathway (Figure 6A).
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FIGURE 6. Inferring new phosphatase substrates. (A) Schematic representation of the multiple paths going from phosphatase to substrates. (B) The multiple paths going from phosphatases to substrates are represented as a graph. Nodes have different shapes according to their functional role: phosphatases are indicated as squares, bridge proteins as diamonds, modulators as hexagons and inferred substrate as circles. The red border outlines phosphatase substrates that have been already reported in literature. Solid black and red lines indicate physical interaction literature and experimentally supported, respectively, while black dashed line represent enzymatic interaction already described in literature. (C) HeLa cells were transiently co-transfected with expression plasmids expressing Flag-SHP2 and a constitutively active mutant of the SRC kinase (Y527F) expression plasmids. After cell lysis, whole protein extracts were immunoprecipitated with anti-SHP2 antibody. The beads were washed with lysis buffer, and the immunoprecipitation (IP) was revealed with anti-SHP2 (WB: α-SHP2), anti-GRB2 (WB: α-GRB2), anti-Flag (WB: α-Flag) and anti-phospho tyrosine (WB: α-4G10) antibodies. GRB2 which is an established ligand of SHP2 was used as a positive control.



The strategy that we used is based on the following steps:

(1) Draw a literature derived directed network of the RAS-PI3K pathway and identify the participating proteins as putative targets of the “modulator phosphatases” (Supplementary Material, Table S4).

(2) Combine the phosphatase interactors identified in the affinity purification MS experiment with the ones already described in the literature and reported in the mentha database (red and black edges, respectively, in Figure 6B).

(3) Define paths in the protein interaction graph that connect each phosphatase to the proteins participating in a given pathway (here RAS-PI3K signaling).

By this strategy, each interactor was linked to RAS-PI3K signaling proteins and a by a large number of possible paths. The resulting complex graph was filtered according to the following rules (illustrated in Figure 6A):

(1) Longer paths are filtered out. Only paths connecting tyrosine phosphatases to protein members of the growth network with up to two “binding steps” are considered. For phosphatases subunits that form holoenzymes with regulatory subunits such as PP2A and PPP3CA we allowed three binding steps.

(2) The inferred substrate in the RAS-PI3K pathway has to be a kinase, a phosphatase or a scaffold protein whose dephosphorylation controls either enzyme activity or the molecular association with other regulatory proteins.

(3) The inferred substrate has to contain phosphorylation sites with defined functional roles as annotated in the Phosphosite database (Hornbeck et al., 2012).

(4) The phosphorylation sites of the inferred substrates have to be compatible with the nature of the phosphatase (Tyrosine phosphatase can only dephosphorylate tyrosine residues, ect).

(5) The effect of the phosphatase induced dephosphorylation of the inferred substrate has to explain the phenotypic effect observed upon phosphatase down-regulation in the functional screenings (Sacco et al., 2012a).

The result of this approach (Table S5) is illustrated in the filtered graph in Figure 6B. Remarkably, our strategy was validated by the recovery of phosphatase substrates already reported in the literature. For instance, Duan and Cobb already demonstrated that PPP3CA induces the MAPK activation by dephosphorylating Thr401 in RAF1 (Duan and Cobb, 2010). In addition the inhibitory effect of PTPN3 on ERK phosphorylation was already reported by Han et al. (2000). Interestingly, both PPP3CA and PPP2CA phosphatases have been already described to be negative modulators of autophagy (Magnaudeix et al., 2013; He et al., 2014). Our approach enabled the identification of a new potential molecular mechanism that these two phosphatases may control to modulate autophagy. SIK3 and SQSTM proteins have been identified by our affinity purification experiment as two novel interactors of PPP3CA and PPP2CA, respectively. In our approach, we propose that SIK3 and SQSTM proteins act as bridge to connect PPP3CA and PPP2CA phosphatases to the autophagy marker MLP3A (LC3A). This observation suggests that our approach can be used to propose new potential molecular mechanisms linking a phosphatase to an established biological process. This graph links phosphatase to putative adapter and to putative substrates. In principle depending on the available information one can use it (1) to infer new substrates starting from a consolidated PPI or (2) to validate molecular bridges that target a phosphatase to an established substrate. In the two following paragraphs we will demonstrate these strategies in two specific cases.

SHP2 CAN BE DEPHOSPHORYLATED BY DUSP18

DUSP18 was shown by our screening to negatively regulate the RAS pathway. The graph in Figure 6B indicates that the regulatory protein that is closest to DUSP18 in the RAS pathway is SHP2 and that DUSP18 and SHP2 are connected by catalase. Indeed it has been shown that the SH2 domains of SHP2 bind tyrosine phosphorylated catalase (Yano et al., 2004), and catalase was recovered as a DUSP18 interactor in our approach. We can therefore picture catalase acting as a bridge linking the phosphatase to its putative target. To test this hypothesis, HeLa cells were transiently co-transfected with Y527F SRC kinase, to enhance phosphorylation, and Flag-DUSP18. As shown in Figure 6C, after cell lysis and endogenous immunoprecipitation with anti-SHP2, DUSP18 was found to associate with SHP2 only in SRC transfected cells. This data is compatible with the model whereby the SH2 domains of SHP2 bind tyrosine phosphorylated catalase which in turn binds to DUSP18. In addition the over-expression of DUSP18 induces SHP2 dephosphorylation, without affecting its association with GRB2. Since it has been shown that the C-terminal tyrosine residues of SHP2 bind GRB2, this result suggests that DUSP18 likely dephosphorylates the Tyr62 and Tyr63 residues. Although the biological relevance of the inferred dephosphorylation needs to be proven in more physiological conditions, this result shows that DUSP18 has the potential to dephosphorylate SHP2 as inferred by our approach.

SCRIB ACTS AS A BRIDGE TO TARGET DUSP26 TO ERK

Knock down of DUSP26 by siRNA negatively affects the activation of ERK (Sacco et al., 2012a). This is in agreement with the ability of DUSP26 to inhibit cell proliferation in epithelial cell lines (Hu and Mivechi, 2006; Patterson et al., 2010). Consistent with a role as tumor suppressor, DUSP26 is down-regulated, in several human cancer cell lines, as well as in some primary tumors (Tanuma et al., 2009; Patterson et al., 2010). However, DUSP26 is not able to directly bind ERK to dephosphorylate it (Hu and Mivechi, 2006; Patterson et al., 2010) suggesting the existence of a molecular bridge The heat shock transcription factor Hsf4b, a substrate of ERK, was proposed as a possible bridge to link DUSP26 to ERK (Hu and Mivechi, 2006). Similarly, more recently, the adenylate kinase 2 was proposed to be a bridge that directs DUSP26 to dephosphorylate FADD (Kim et al., 2014).

Our approach identified SCRIB as a potential bridge that would modulate the de-phosphorylation of ERK by DUSP26. SCRIB is an adapter protein that was recently suggested to down-regulate ERK by binding and activating the phosphatase PP1 gamma (Nagasaka et al., 2013). We propose here that SCRIB may also promote the de-phosphorylation of ERK by DUSP26. SCRIB directly binds to ERK through two KIM motifs and regulates its activation and nuclear translocation (Nagasaka et al., 2010). The protein contains four PDZ domains (Figure 6A). The C-terminus region of DUSP26 contains an atypical motif for PDZ binding L-D/E-Φ, where Φ is a hydrophobic residue (Tonikian et al., 2008). Thus, we asked whether the binding of SCRIB to DUSP26, as identified in our affinity purification experiment, could be mediated by any of the SCRIB PDZ domains. To this end we performed a GST pull down experiments by affinity purifying extracts of E. coli cells expressing HIS-tagged DUSP26 with GST fusion of SCRIB PDZ domains (Figure 7A). Only the fourth PDZ domain of SCRIB was able to bind DUSP26. The binding was confirmed by co-immunoprecipitation assay, after cotransfecting HA-SCRIB and Flag-DUSP26 in H1299 cells. As shown in Figure 7B, co-immunoprecipitated SCRIB was detected by western blotting with an anti-SCRIB antibody. Similarly SCRIB was immunoprecipitated with anti-HA antibody and the presence of DUSP26 was revealed by western blotting with anti-DUSP26 antibody Figure 7C. These data suggest that SCRIB could direct the phosphatase activity of DUSP26 toward ERK as suggested in the cartoon in Figure 7D.


[image: image]

FIGURE 7. DUSP 26 interacts with the adapter protein SCRIB. (A) GST Pull Down of full-length DUSP26 by GST constructs fused to PDZ 1-2, PDZ3, PDZ4, or all the four PDZ domains (aa 728-1630) of SCRIB fused to GST. Black Lines under the schematic representation of the domain structure of SCRIB indicate the protein regions that were fused to GST. Two controls were added: GST alone and a PDZ containing protein of similar length (PDZK1, lane “control”). (B,C) Co-immunoprecipitation of SCRIB and DUSP26. H1299 cells were transfected with HA-SCRIB, Flag-DUSP26 or both plasmids as indicated. Lysates were immunoprecipitated with anti-Flag (B) or with anti-HA (C) and detection was performed with anti-DUSP26 or anti-SCRIB antibodies. (D) Cartoon picturing the proposed role of SCRIB as adapter protein to mediate DUSP26 dephosphorylation specificity.



DISCUSSION

Although protein phosphorylation has been considered as a key post-translational mechanism controlling a variety of physiological processes and a number of reports have contributed to describe the phosphatase interaction network, a comprehensive characterization of phosphatase substrates is still missing (Goudreault et al., 2009; Breitkreutz et al., 2010; Skarra et al., 2011; Couzens et al., 2013). Recently we have reported an unbiased siRNA screening aimed at identifying phosphatases controlling key growth pathways in cancer cells (Sacco et al., 2012a). Combining the siRNA screening results with modeling techniques, we were able to map phosphatases on specific nodes of the growth signaling model. However, our approach only identified phosphatases modulating the growth pathway but did not enable us to link phosphatases to specific substrates.

For this purpose, we set up to develop an experimental strategy that combines the functional information obtained with the siRNA screening and PPI network context information. We first enriched the literature derived interactome of six phosphatases and two phosphatase accessory subunits by affinity purification experiments of phosphatase complex followed by quantitative mass spectrometry based proteomics in cancer cells stimulated with TNFα. By this approach we were able to recapitulate most of the interactions occurring between the catalytic, scaffold, and regulatory subunit of the PP2A holoenzyme, confirming the robustness of our approach. The resulting interactome is completely connected, since each phosphatase shares at least one ligand with one of the remaining phosphatases. For instance the tyrosine phosphatase PTPN21 and the catalytic subunit of the serine threonine phosphatase PP2A share a common group of interactors, mainly involved in controlling cell metabolism. We observed that the phosphatase interactome is largely insensitive to stimulation with TNFα, suggesting that these interactions may be either constitutive or triggered by other types of stimuli. For instance, while the DUSP26-ATM interaction is not modulated by TNFα, we show that nutrients and amino acids deprivation increases the binding (Supplementary Material, Figure S1A), suggesting that these proteins may play a role in controlling the autophagy process. Indeed, we have previously shown that the siRNA interference of DUSP26 results in a decrease of the autophagy marker LC3, while much evidence suggest that the ATM kinase promotes the autophagy induced by ionizing radiation and ROS (Liang et al., 2013; Tripathi et al., 2013). In addition, as shown in Figure 3, about 50% of the PPP3CA interactions are negatively modulated by TNFα, including the binding to its activator subunit calmodulin. This result suggests that the TNFα stimulation may have an inhibitory role on PPP3CA activity. However, Fernandez et al. have recently demonstrated that in reactive, but not in quiescent astrocytes, PPP3CA dephosphorylates the transcription factor Foxo3 in response to TNFα, suggesting that depending on the cells type, this phosphatase may have opposite functions (Fernandez et al., 2012).

Interestingly our experimental approach enabled us to identify a novel interaction between the scaffold protein GRB2 and the tyrosine phosphatase PTPN21. Here, we report that PTPN21 binds the C-terminal SH3 domain of GRB2 in vitro, but it does not dephosphorylate its phosphotyrosine residues. Indeed our affinity purification experiment failed to identify known phosphatase substrates that had already been described in the literature. This observation is not surprising if we consider that phosphatases rapidly dephosphorylate the substrate and the phosphatase-substrate interaction is so transient and weak that coimmunoprecipitation-based approaches likely fail to identify phosphatase substrates. In addition, while most protein kinases recognize a specific amino acid motifs on their targets, phosphatase substrates specificity is weaker and mainly based on the interaction with regulatory subunits (Roy and Cyert, 2009).

To infer new phosphatase substrates, we have here outlined a combined experimental-bioinformatic strategy based on the integration of the phosphatase interactome with network context information, extracted from the mentha PPI database (Calderone et al., 2013). Although this approach lead us to recover some of the phosphatase-substrate relationships already described in literature, we are aware of some relations that are missed by our approach [e.g., the RAF1 dephosphorylation by PPP2CA (Dent et al., 1995)]. These failures can be explained by several factors: (1) some interactions may be cell type dependent or rely on specific stimulations; (2) some phosphatase partners may have very low level of expression that remains undetected in our affinity purification experiments and (3) some PPI relations may have not been reported yet or may have not been annotated in mentha. In addition we want to stress that we used rather stringent filtering criteria to reduce the total number of inferred phosphatase-scaffold-substrate complexes. This might increase the chance of missing already validated enzyme-substrate relationships or of identifying new interesting regulation mechanisms. If desirable, these criteria can be relaxed at the cost of increasing the noise of false positives.

In essence our method combines functional information with the interactome and analyses the resulting graph to identify paths between phosphatases and putative substrates. By this approach new substrates may be inferred or alternatively proteins that form molecular bridges between the phosphatase and the substrates can be identified. To assess the robustness and reliability of our strategy, two specific cases were analyzed. Firstly we demonstrated that DUSP18 induces SHP2 dephosphorylation. Our siRNA screening revealed that DUSP18 negatively controls ERK phosphorylation (Sacco et al., 2012a). This is consistent with SHP2 being a positive modulator of the MAPK signaling (Cai et al., 2002). Here we infer that catalase acts as a bridge to enable the DUSP18 mediated de-phosphorylation of SHP2. Although our approach does not identify the specific SHP2 tyrosine residues dephosphorylated by DUSP18, we demonstrated that the C-terminal residues involved in the GRB2 interaction are not targeted by the phosphatase (Figure 5). DUSP18 may negatively controls the MAPK signaling by dephosphorylating and inactivating SHP2. Finally, we demonstrated that SCRIB acts as a bridge to mediate the dephosphorylation of ERK by DUSP26 (Figure 7B). DUSP26 is a poorly characterized dual specificity phosphatase whose negative regulation of the MAPK signaling has been already reported.

Taken together these observations show that the combination of the topological information contained in the phosphatase interactome with functional information obtained by siRNA screening can be valid tool to infer new phosphatase substrates and modes of targeting.

MATERIALS AND METHODS

ANTIBODIES AND REAGENTS

Anti-HA, anti-FLAG and anti-Flag M1 agarose beads and anti DUSP26 were from Sigma; anti-SHP2 and anti SCRIB were from Santa Cruz Biotechnology; anti-GRB2 and anti-4G10 was from Upstate Biotechnology, Inc. Peroxidase-conjugated anti-rabbit, anti-mouse and anti-goat secondary antibodies were from Jackson ImmunoResearch. PPP2CA, PTPN3, PTPN21, DUSP26, PPP2R3C encoding plasmids were purchased from OpenBiosystem. DUSP18, PPP2R1A, and PPP3CA constructs were kindly provided by Marc Vidal. Phosphatase cDNAs were cloned in pDNOR vector (Invitrogen) and cloned in the SF-TAP plasmid by using the Gateway Recominant Cloning Technology from Invitrogen. The cDNA of DUSP26 was also cloned in Pet28 and PC-DNA plasmids. HA-DLC1 was kindly provided by Prof. Cecconi. The cDNA encoding SRC Y527F was cloned in pSGT (Gonfloni et al., 1997). HA-SCRIB, PDZ3-GST, and PDZ4-GST were a generous gift of L. Banks. Construct containing human SCRIB PDZ1-2 and 1-4 (aa 728-1630) were cloned in pGex2TK.

CELL CULTURE

Cells were maintained in a humidified atmosphere at 37°C and 5% CO2 in Dulbecco's modified Eagle's medium (Invitrogen), supplemented with 10% fetal bovine serum (Sigma) and 0.1% penicillin/streptomycin (Invitrogen). For SILAC experiments, SILAC DMEM (PAA, Pasching, Austria) deficient of L-Lysine and L-Arginine, supplemented with 10% (v/v) dialyzed fetal bovine serum (FBS; PAA, Pasching, Austria), 50 units/ml Penicillin, 0.05 mg/ml Streptomycin and 0.55 mM lysine, 0.4 mM arginine was used. Light labeled medium was supplemented with 12C6, 14N2 lysine and 12C6, 14N4 arginine, medium labeled medium with 4.4.5.5-D4-L-Lysine and 13C6−14N4-L-Arginine and heavy labeled medium with 13C6 15N2-L-Lysine and 13C6 15N4-L-Arginine. Proline was added to a final concentration of 0.5 mM to prevent arginine to proline conversion (Bendall et al., 2008), which could impair the quantification. All amino acids were purchased from Silantes. Human epithelial carcinoma (HeLa) cells were purchased from the ATCC. HeLa cells were transfected with Lipofectamine 2000 (Invitrogen) according to manufacturer's protocol.

AFFINITY PURIFICATION OF PROTEIN COMPLEXES

For one step Strep purifications, SF-TAP tagged proteins and associated protein complexes were purified essentially as described earlier (Gloeckner et al., 2007; Boldt et al., 2011). HeLa cells, transiently expressing the SF-TAP tagged constructs or SF-TAP alone as control were either stimulated with 50 ng/ml TNFα or mock treated. They were next lysed in lysis buffer (containing 150 mM NaCl, 50 mM Tris-HCl, 1% Nonidet P-40, and 0.25% sodium deoxycholate, protease inhibitor cocktail (Roche) and phosphatase inhibitor cocktails II and III (Sigma-Aldrich), for 20 min at 4°C. After sedimentation of nuclei at 10,000 × g for 10 min, the protein concentration of the lysates were determined by a Bradford assay before equal amounts of the cleared lysates were transferred to Strep-Tactin-Superflow beads (IBA) and incubated for 1 h before the resin was washed three times with wash buffer (TBS containing 0.1% NP-40, phosphatase inhibitor cocktail I and II). The protein complexes were eluted by incubation for 10 min in Strep-elution buffer (IBA). Following elution, the corresponding samples were combined. The combined samples were concentrated using 10 kDa cut-off VivaSpin 500 centrifugal devices (Sartorius Stedim Biotech) and pre-fractionated using SDS-Page and in-gel tryptic cleavage as described elsewhere (Gloeckner et al., 2009).

MASS SPECTROMETRY AND DATA ANALYSIS

LC-MS/MS analysis was performed on an Ultimate3000 nano RSLC system (Thermo Fisher Scientific) coupled to a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) by a nano spray ion source. Tryptic peptide mixtures were automatically injected and separated by a linear gradient from 5 to 40% of buffer B in buffer A (2% acetonitrile, 0.1% formic acid in HPLC grade water) in buffer A (0.1% formic acid in HPLC grade water) at a flow rate of 300 nl/min over 90 min. Remaining peptides were eluted by a short gradient from 40 to 100% buffer B in 5 min. The eluted peptides were analyzed by the LTQ Orbitrap Velos mass spectrometer. From the high resolution MS pre-scan with a mass range of 300–1500, the 10 most intense peptide ions were selected for fragment analysis in the linear ion trap if they exceeded an intensity of at least 500 counts and if they were at least doubly charged. The normalized collision energy for CID was set to a value of 35 and the resulting fragments were detected with normal resolution in the linear ion trap. The lock mass option was activated, the background signal with a mass of 445.12002 was used as lock mass (Olsen et al., 2005). Every ion selected for fragmentation, was excluded for 20 s by dynamic exclusion. For SILAC experiments, all acquired spectra were processed and analyzed using the MaxQuant software (Cox and Mann, 2008) (version 1.0.13.13) and the human specific IPI database version 3.52 (http://www.maxquant.org/) in combination with Mascot (Matrix Science, version 2.2). Cysteine carbamidomethylation was selected as fixed modification, methionine oxidation and protein acetylation were allowed as variable modifications. The peptide and protein false discovery rates were set to 1%. Contaminants like keratins were removed. Proteins, identified and quantified by at least two unique peptides were considered for further analysis. The significance values were determined by Perseus tool using significance B. Those proteins whose ratio was greater than 1.9 and significance B was lesser than 0.1 were considered significantly enriched.

PULL-DOWN ASSAY

After 24 h of transfection, confluent HeLa cells were washed with ice-cold PBS and lysed in RIPA buffer (150 mm NaCl, 50 mm Tris-HCl, 1% Nonidet P-40, 0.25% sodium deoxycholate) supplemented with 1 mm pervanadate, 1 mm NaF, protease inhibitor mixture 200× (Sigma), inhibitor phosphatase mixture I and II 100× (Sigma). The samples were kept on ice for 30 min and centrifuged at 15,000 rpm at 4°C for 30 min. The supernatant was collected, and the total amount of protein was determined by Bradford colorimetric assay (Bio-Rad). The whole cell lysates were incubated with 50 μg of the indicated GST fusion protein at 4°C for 1 h. Thus, glutathione-Sepharose 4B beads were blocked by incubating with 3% bovine serum albumin with rocking at 4°C for 1 h, and then after centrifugation for 3 min at 4000 × g, at 4°C, the dry beads were bound to lysates mixed with GST fusion proteins at 4°C for 1 h. The supernatant was discarded by centrifugation, and the beads were washed six times with lysis buffer for 3 min at 4000 × g, at 4°C, and then the dry beads were resuspended in SDS sample buffer, boiled and analyzed by SDS-PAGE and Western blotting on nitrocellulose membrane.

IMMUNOPRECIPITATION AND IMMUNOBLOT ANALYSIS

HeLa cells were lysed as described previously. The whole cell lysates were incubated with anti-Flag antibody conjugated to Sepharose beads over-night at 4°C. The beads were washed with lysis buffer, and the immunoprecipitated proteins were separated by SDS-PAGE, transferred onto a nitrocellulose membrane, and immunoblotted with antibodies. The immunoreactions were visualized using ECL detection system (Amersham Biosciences).
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Figure S1. Validation of some of the newly identified phosphatase interactions (A) HeLa cells were transiently transfected with Flag-DUSP26 expression plasmid. Twenty-four hours post transfection, cells were serum and amino acids starved for 1 h or left untreated and then lysed. Whole protein extracts were immunoprecipitated with anti-Flag antibody to purify the DUSP26 phosphatase. The membranes were probed with anti-ATM (WB: α-ATM) and anti-Flag (WB: α-Flag) antibodies. (B) HeLa cells were transiently co-transfected with Flag-PTPN21 and with HA-DLC1 expression plasmids. Twenty-four hours post transfection, cells were serum and amino acids starved for 1 h or left untreated and then lysed. Whole protein extracts were immunoprecipitated with anti-Flag antibody to purify PTPN21 phosphatase. The membranes were probed with anti-HA (WB: α-HA), anti-Flag (WB: α-Flag) and anti-GRB2 antibodies. (C) HeLa cells were transiently co-transfected with Flag-PPP2CA and with HA-DLC1 expression plasmids. Twenty-four hours post transfection, cells were serum and amino acids starved for 1 h or left untreated and then lysed. Whole protein extracts were immunoprecipitated with anti-Flag antibody to purify PTPN21 phosphatase. The membranes were probed with anti-HA (WB: α-HA) and anti-Flag (WB: α-Flag) antibodies.

Table S1. Protein groups identified by mass spectrometry based proteomics of phosphatase pull-down are reported with protein quantification, number of peptides and intensities.

Table S2. After statistical analysis, for each phosphatase the corresponding interactor is reported. In the “Phosph-SF” column, the intensity value of each interactor in phosphatase transfected cells was divided by its intensity in not transfected cells (Control). In the “PhosphTNF-Phosph” column, the intensity value of each interactor in cells over-expressing the phosphatase and stimulated with TNFα was divided by its intensity in transfected unstimulated cells. Finally in “PhosphTNF-SF” column, the intensity value of each interactor in cells over-expressing the phosphatase and stimulated with TNFα was divided by its intensity in not transfected cells. For each ratio, the corresponding significance B is reported.

Table S3. List of common contaminants was collected from the literature.

Table S4. Experimental data describing the functional relationships between signaling proteins in the pathways of interest were collected from the literature (PMID column). Each enzyme-substrate relationship is described as activating (1) or inhibitory (-1). For each protein, Uniprot ID and gene name have been reported.

Table S5. Experimental and literature extracted binary interactions, describing the paths from a phosphatase to its target in the RAS-PI3K pathway.
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An important challenge in the field of Parkinson’s disease (PD) is to develop disease modifying therapies capable of stalling or even halting disease progression. Coupled to this challenge is the need to identify disease biomarkers, in order to identify pre-symptomatic hallmarks of disease and monitor disease progression. The answer to these challenges lies in the elucidation of the molecular causes underlying PD, for which important leads are disease genes identified in studies investigating the underlying genetic causes of PD. LRRK2 and α-syn have been both linked to familial forms of PD as well as associated to sporadic PD. Another gene, microtubule associated protein tau (MAPT), has been genetically linked to a dominant form of frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17) and genome-wide association studies report a strong association between MAPT and sporadic PD. Interestingly, LRRK2, α-syn, and tau are all phosphorylated proteins, and their phosphorylation patterns are linked to disease. In this review, we provide an overview of the evidence linking LRRK2, α-syn, and tau phosphorylation to PD pathology and focus on studies which have identified phosphatases responsible for dephosphorylation of pathology-related phosphorylations. We also discuss how the LRRK2, α-syn, and tau phosphatases may point to separate or cross-talking pathological pathways in PD. Finally, we will discuss how the study of phosphatases of dominant Parkinsonism proteins opens perspectives for targeting pathological phosphorylation events.
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INTRODUCTION

Parkinson’s disease (PD) is an incurable disease of aging characterized by the progressive death of dopaminergic cells in the midbrain as well as by α-synuclein-rich intracytoplasmic depositions called Lewy bodies (LBs). Treatments which alleviate disease symptoms have been available for several decades; however, these do not halt disease progression. The development of disease-modifying therapies to replace the symptomatic treatments is therefore a major priority in the biomedical research field. Genetic studies of families with a history of PD (genetic linkage studies) as well as of PD patient groups compared to matched groups of healthy individuals (genetic association studies) have identified genes and genomic variants which contribute to the development of PD (Gasser, 2009; Nalls et al., 2011). These studies have revealed at least 20 PD genes, many of which are currently the subject of studies aiming to understand their biology and disease mechanisms. For instance, several PD genes, such as parkin, DJ-1, Pten induced kinase 1 (PINK1), or ATP13A2, contribute to early onset autosomal recessive forms of Parkinsonism. Other genes are linked to Parkinsonism in an autosomal dominant fashion and are responsible for early onset forms of PD (α-synuclein duplications or triplications, some families with mutated α-synuclein) as well as the more common late onset forms of Parkinsonism (α-synuclein mutants, tau, LRRK2, VPS35, or EIF4G1; Houlden and Singleton, 2012). In this review, we focus on the dominant proteins α-synuclein, tau, and LRRK2 in light of the importance of their phosphorylation for their biological functioning.

Mutations in α-synuclein (SNCA, PARK1/4) and mutations in leucine-rich repeat kinase type 2 (LRRK2, PARK8) are linked to autosomal-dominant forms of PD (Gasser, 2009). Also, although protein deposition of microtubule associated protein tau (MAPT) is a feature of Alzheimer’s disease (AD), MAPT gene mutations cause frontotemporal dementia (FTD) with Parkinsonism. Interestingly, these three dominant genes in Parkinsonism (MAPT, SNCA, and LRRK2) have also been identified as risk factors for sporadic PD in genome-wide association studies (GWAS; Taymans and Cookson, 2010; Sharma et al., 2012). The dominant mode of disease transmission through these genes also suggests a gain of toxic function mechanism pointing to an inhibition of toxic function as potential therapeutic strategies.

LRRK2, α-syn, and tau are all phosphorylated proteins, and their phosphorylation patterns are linked to disease (Lobbestael et al., 2012; Tenreiro et al., 2014). Early work showed that hyperphosphorylation of tau is correlated to pathology of tauopathies and phosphorylation of α-syn at serine129 is correlated to synucleinopathies (for reviews, see references Martin et al., 2011; Tenreiro et al., 2014); therefore much work has focused on identifying and characterizing kinases of these proteins (for reviews, see references Vancraenenbroeck et al., 2011; Martin et al., 2013b; Tenreiro et al., 2014). The characterization of LRRK2 phosphorylation and the link to disease is still underway although some evidence suggests that a site-dependent mixed phosphorylation state is indicative of disease. Tau and synuclein kinases have been considered as potential therapeutic targets for synucleinopathies and tauopathies and several compounds have been developed for these kinases and tested in preclinical models (for reviews on these topics, see references Vancraenenbroeck et al., 2011; Kramer et al., 2012; Tell and Hilgeroth, 2013). In this review, we will discuss the second main component in the regulation of protein phosphorylation of LRRK2, α-syn, and tau, namely phosphatases. We will briefly introduce the three proteins and discuss what is known about their dephosphorylation and which phosphatases and phosphatase regulators are involved. We will also discuss the relationships between the three proteins with regards to their cognate phosphatases and discuss targeting of phosphatase holoenzymes of LRRK2, α-syn, and tau as a potential phosphomodulatory therapeutic approach.

ALPHA-SYNUCLEIN

The involvement of α-syn in PD was initially identified through genetic linkage studies in a small number of families (Polymeropoulos et al., 1997), including mutations as well as gene duplications (Chartier-Harlin et al., 2004) and triplications (Singleton et al., 2003). Recently, strong association was shown between α-syn and sporadic PD in GWAS (Satake et al., 2009; Simon-Sanchez et al., 2009). Also, α-syn is a major component of LBs (Spillantini et al., 1997). These arguments illustrate that α-syn is a central player in the pathogenesis of PD.

Studies investigating the phosphorylation of α-syn in diseased and aged brains have shown that α-syn can be phosphorylated at serines (S87, S129) as well as at several tyrosines including Y125, Y133, and Y136 (Figure 1). The pY125 modification has been reported to be inversely correlated with PD-related pathology. Indeed, pY125 appears to protect brains against α-syn mediated toxicity, as this modification is reduced in aged human brain tissue and absent in brain tissue affected by Lewy body dementia (Chen and Feany, 2005; Chen et al., 2009). The pS129 modification on the other hand is most often correlated with PD pathology. This notion is primarily supported by the finding that the majority of α-syn in LBs in postmortem PD brains is phosphorylated at S129 (pS129; Fujiwara et al., 2002; Hasegawa et al., 2002; Anderson et al., 2006). The S129 phosphorylation of α-syn in aggregates has also been observed in animal models of PD (Kahle et al., 2000; Neumann et al., 2002; Takahashi et al., 2003). Mechanistic studies have shown that aggregated forms of α-syn are more prone to phosphorylation and that pS129 phosphorylated aggregates accumulate as the disease progresses (Waxman and Giasson, 2008; Mbefo et al., 2010; Paleologou et al., 2010; Waxman and Giasson, 2011), suggesting that the degree of α-syn pS129 phosphorylation is an indicator of disease progression.
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FIGURE 1. Schematic of α-synuclein and its phosphorylation sites. α-syn is a small protein of 140 amino acids in length. It is subdivided into three domains, an N-terminal alpha-helical domain, a central NAC domain (standing for non-Abeta-component) and an acidic C-terminal domain. The S129 site is hyperphosphorylated in disease and is regulated by a phosphatase of the heterotrimeric PP2A class. Please refer to Table 1 for an overview of studies on phosphatases regulating α-syn phosphorylation.



The link between S129 phosphorylation and PD pathology has fueled an interest in modulating α-syn phosphorylation at S129 as a potential therapy for PD (Vancraenenbroeck et al., 2011). Multiple kinases have been identified which phosphorylate α-syn at S129, with most evidence pointing to polo-like kinase 2 (PLK2) as the primary phosphorylated of α-syn S129 [for an extended up to date review of α-syn phosphorylation, please refer to Tenreiro et al. (2014)]. A straightforward therapeutic approach based on reducing α-syn phospho-S129 would be to inhibit PLK2 kinase activity; however some contradictory findings should be taken into account. For instance, overexpression of PLK2 in rat brain using adeno-associated viral vectors can suppress α-syn toxicity by promoting autophagy-mediated degradation of phospho-S129 α-syn (Oueslati et al., 2013). Therefore, therapies based on modulating α-syn phospho-S129 appears to require an optimal phosphorylation level rather than a complete dephosphorylation.

PHOSPHATASES OF α-SYN

Few studies have sought to identify phosphatases of α-syn (Braithwaite et al., 2012); however, concurring data point to PP2A as a major phosphatase of the S129 site. For instance, PP2A enzyme but not PP1 is shown to dephosphorylate α-syn-pS129 in vitro (Lee et al., 2011), and treatment of cells with the PP2A inhibitor okadaic acid (OA) but not the PP1 inhibitor tautomycin leads to an increased level of α-syn-pS129. Further characterization showed that α-syn-pS129 was increased upon knockdown of the PP2A catalytic subunit and when PP2A enzyme is methylated.

It is important to note that the phosphatases of the PP2A class function in complexes called holoenzymes, which are composed of regulatory and catalytic phosphatase subunits. In the case of PP2A phosphatases, these are composed of a catalytic subunit (PPP2CA or PPP2CB) together with a scaffold subunit (Aα or Aβ) and a regulatory subunit (of which there are four families, B, B′, B′′, and B′′′, each with 2–5 different members). The precise heterotrimeric composition of the holoenzyme guides PP2A to specific substrate sites. Accordingly, the testing of four different holoenzyme compositions shows that holoenzymes with regulatory subunits of the B family are more efficient at dephosphorylating α-syn-pS129 than those of the B′ and B′′ families. Interestingly, α-syn may function in a feedback loop with PP2A, with studies reporting that α-syn has the ability to activate PP2A activity (Peng et al., 2005) and that phospho-S129 α-syn is less efficient at activating PP2A (Lou et al., 2010).

PP2A enzymes have the particularity that their enzymatic activity is positively regulated by its methylation which is itself regulated via the opposing activities of a PP2A-specific methyltransferase and a PP2A-specific methylesterase (PME). Accordingly, treatment of mice with the PME inhibitor eicosanoyl-5-hydroxytryptamide (EHT) increases PP2A methylation as well as decreased α-syn-pS129 levels in brain and a concurrent reduction in synuclein pathology (Lee et al., 2011). Related to this, the diabetes drug metformin was shown to reduce α-syn phosphorylation at S129 through activation of PP2A and inhibition of mammalian target of rapamycin (mTOR; Perez-Revuelta et al., 2014). These studies confirm a primordial role of PP2A in the phosphoregulation of α-syn at S129 and also provide a proof-of-principle that phosphorylation levels of α-syn can be modulated by targeting its phosphatases. Thus far, no phosphatases have been described for the tyrosine phosphorylation sites of α-syn. An overview of α-syn phosphatases is given in Table 1.

TABLE 1. Overview of studies reporting phosphatases regulating α-syn phosphorylation.
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LRRK2

LRRK2 is a complex protein of 2527 amino acids containing several predicted functional domains (Figure 2). Several arguments underline the importance of LRRK2 for PD. First, LRRK2 is one of the most prevalent causes of monogenic PD. Furthermore, LRRK2 mutations are present in apparently sporadic cases of PD, with prevalences of 2% to up to 40% in certain population groups and LRRK2 was recently genetically associated to PD in several independent GWAS (Satake et al., 2009; Simon-Sanchez et al., 2009). Finally, PD patients carrying the LRRK2 mutations show a clinical and neuropathological profile which is virtually indistinguishable to sporadic PD (Healy et al., 2008), indicating that LRRK2 may contribute to a PD disease pathway common to both familial and sporadic PD.
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FIGURE 2. Schematic of LRRK2 domain structure and currently identified LRRK2 phosphatases. Phosphorylation sites are indicated above the LRRK2 schematic, for those sites confirmed independently by at least two different groups. Sites represented in blue indicate cellular transphosphorylation sites, in orange in vitro autophosphorylation sites and in green autophosphorylation sites confirmed in cells. Disease mutants are indicated below the schematic in black, mutations in italics are risk factor mutations. Arrows (for S910/S935/S955/S973/S1292) indicate the most common regulation of phosphorylation (up or down) observed across most disease mutants. Different sites are likely regulated in different ways, including through PP1 and a yet to be defined phosphatase sensitive to okadaic acid (OA). Please refer to Table 2 comparing the regulation of phosphorylation at S935 compared to S1292.



LRRK2 is a highly phosphorylated protein and phosphosite mapping studies have distinguished two notable clusters of phosphorylation sites, one in or near the Ras of complex proteins (ROC) domain (Greggio et al., 2009; Kamikawaji et al., 2009) and another in the interdomain region between the ankyrin repeat (ANK) and leucine rich repeat (LRR) domains (see Figure 2; West et al., 2007; Gloeckner et al., 2010; Nichols et al., 2010; see reference Lobbestael et al., 2012 for a detailed overview of studies reporting LRRK2 phosphorylation sites).

The physiological and pathological relevance of LRRK2 phosphorylation has only just begun to be described. For instance, phosphosites of the ANK-LRR interdomain region, including the S910/S935/S955/S973 sites, are sites phosphorylated by upstream kinases. These sites are detectable in basal conditions in multiple cellular and tissular systems, including for endogenous LRRK2 in Swiss 3T3 or NIH3T3 cells (Nichols et al., 2010; Lobbestael et al., 2013), mouse primary neurons (Lobbestael et al., 2013), mouse brain, kidney, and lung (Deng et al., 2011; Choi et al., 2012; Zhang et al., 2012; Delbroek et al., 2013), mouse embryonic fibroblasts (Dzamko et al., 2012), mouse bone marrow derived macrophages (Dzamko et al., 2012) and human peripheral blood mononuclear cells (Dzamko et al., 2013). The S910 and S935 sites mediate an interaction of LRRK2 with 14-3-3 proteins and regulate LRRK2 cellular localization (Nichols et al., 2010). The search for the kinases responsible for phosphorylating LRRK2 at this cluster is still ongoing. Studies in vitro and in COS-7 cells have suggested a role for protein kinase A as an upstream kinase of the S910–S935 sites (Muda et al., 2014), however, these findings are not confirmed in other cell types such as HEK293T cells (Reynolds et al., 2014), suggesting cell-specific mechanisms of phosphorylation. This is further supported by the work of Dzamko et al. (2012) who show that inhibitor of kappa B kinases (IKKs) phosphorylate LRRK2 in bone marrow-derived macrophages upon activation of toll-like receptor signaling which is specific to immune cells. The phosphorylation pattern of LRRK2 is completely different from that of its closest homolog LRRK1 which does not contribute to PD, suggesting that phosphorylation regulation of LRRK2 is a potential mechanism distinguishing LRRK2 from LRRK1 functionally.

Phosphorylation levels of the ANK-LRRK interdomain phosphosites are reduced for several pathogenic mutants such as R1441C/G, Y1699C, I2020T (Nichols et al., 2010; Li et al., 2011; Lobbestael et al., 2013). This observation suggests that the reduction in LRRK2 phosphorylation levels may be involved in the pathogenic mechanism of LRRK2 PD. A corollary of that conclusion is that reduced LRRK2 phosphorylation may be used as a biomarker, however, there are some caveats. For instance, the most prevalent LRRK2 variant in patients, G2019S, does not display reduced phosphorylation levels and a recent study reported no differences in LRRK2 S935 phosphorylation in PBMCs of PD patients compared to matched healthy individuals (Dzamko et al., 2013). Nevertheless, the striking phosphorylation reduction at the ANK-LRR sites seen in all other confirmed LRRK2 pathogenic mutants warrants further evaluation as a disease or diagnostic biomarker.

The other major group of phosphorylation sites for LRRK2 is comprised of autophosphorylation sites. These are sites which were initially identified on LRRK2 protein after in vitro incubation with ATP to allow the protein to autophosphorylate itself (Greggio et al., 2009; Kamikawaji et al., 2009; Gloeckner et al., 2010). The majority of these sites cluster in the ROC domain and studies with phospho-mimicking mutants show that at least some of these modifications (T1491D, T1503D) alter LRRK2 GTP-binding properties (Kamikawaji et al., 2009; Webber et al., 2011). The precise physiological relevance of autophosphorylation sites is unknown since the majority of these sites are undetectable in cells, even on overexpressed protein. The notable exceptions are the T1410 site located in the ROC domain identified in overexpressed LRRK2 in HEK293T cells (Pungaliya et al., 2010), the S1058 (Reyniers et al., 2014), and the S1292 site (Gloeckner et al., 2010; Pungaliya et al., 2010; Sheng et al., 2012), located in the 3rd and 13th of the 14 leucine-rich repeats of the leucine-rich repeat domain, respectively, just outside the ROC domain (Vancraenenbroeck et al., 2012). These reports suggest that at least some autophosphorylation events are occurring in cells. Specifically, the S1292 site has been characterized in more detail and displays a number of interesting features. The S1292 site is one of the few autophosphorylation sites located outside ROC. The site is phosphorylated at detectable levels in basal conditions in LRRK2 overexpressed in cell lines or in transgenic mice (Sheng et al., 2012) as well as on endogenous LRRK2 in lymphocytes (Reynolds et al., 2014). In contrast to what is described for the ANK-LRR interdomain sites, the S1292 levels are increased in cells for the majority of pathogenic mutants and decreased in LRRK2 kinase-dead variants (Sheng et al., 2012; Reynolds et al., 2014). Increased phosphorylation levels at S1292 may therefore be indicative of LRRK2’s pathogenic state; however, this remains to be tested in PD patients. Because the kinase activating mutant G2019S shows increased phospho-S1292 and kinase dead mutants show reduced phospho-S1292, it may be suggested that phospho-S1292 levels are indicative of LRRK2 kinase activity in cells, however, some discrepancies appear. For instance, other mutants, such as N1437H, R1441C, or R1441G which are significantly less active in their kinase activity than G2019S nevertheless display similar phospho-S1292 levels relative to the G2019S (Sheng et al., 2012; Reynolds et al., 2014). Two other pathogenic mutants, Y1699C and I2020T, which display kinase activity similar to WT or slightly increased, show varying phospho-S1292 levels depending on the system tested. Indeed, the Y1699C mutant displays increased phospho-S1292 levels in stable overexpression HEK293T cells (Reynolds et al., 2014) and unchanged phospho-S1292 levels in transfected HEK293T cells (Sheng et al., 2012), while the inverse is true for the I2020T mutant. Further work will be required to elucidate the precise regulation of phospho-S1292 levels in LRRK2. It also remains to be shown whether the conclusions here for S1292 (an autophosphorylation site which occurs in cells) also hold true for other autophosphorylation sites or whether this is a new ‘class’ of sites (besides the ROC autophosphorylation cluster and the ANK-LRR interdomain cluster).

Of importance for the development of LRRK2 kinase inhibitors is that the majority of these sites is downregulated by kinase inhibitors and may therefore be used to assess inhibitor activity. For instance, the phosphorylation of autophosphorylation sites such as S1491 is inhibited by LRRK2 kinase inhibitors in vitro (Doggett et al., 2012). Also, cellular treatment with kinase inhibitors leads to a dephosphorylation of the ANK-LRR interdomain sites S910/S935/S955/S973 (Dzamko et al., 2010; Deng et al., 2011; Doggett et al., 2012) as well as the S1292 autophosphorylation site (Sheng et al., 2012; Reynolds et al., 2014). Intriguingly, although the ANK-LRR interdomain phosphorylations are not autophosphorylation sites, the observed dephosphorylation of LRRK2 by kinase inhibitors can be attributed to the activity of the inhibitors on LRRK2 itself.

In sum, the emerging picture of LRRK2 phosphorylation is that LRRK2 is a highly phosphorylated protein where at least two, perhaps three, classes of phosphorylation sites can be discerned (see Figure 2). A first class of phosphosites in LRRK2 is the in vitro autophosphorylation site class. These sites appear after in vitro autophosphorylation by purified LRRK2; however, their presence in cells is not confirmed. While these sites offer opportunities to develop assays of LRRK2 kinase activity, their physiological relevance is unclear. Further work will be required to determine whether these sites occur in physiological systems under specific conditions of activation, or whether the appearance of these phosphorylations is an in vitro phenomenon. A second class of LRRK2 phosphorylation sites may be termed ‘cellular’ phosphorylation sites, including those sites of the ANK-LRR interdomain region introduced above, exemplified by the S935 site. Finally, the third and most recent class of LRRK2 phosphorylation sites is the class of cellular autophosphorylation sites, exemplified by the S1292 site, which are detected in cells and which also increase after in vitro autophosphorylation. The cellular sites (S935) and cellular autophosphorylation sites (S1292) are the most physiologically relevant and the comparison of both sites (summarized in Table 2) suggests that these may be useful indicators of LRRK2 activity or pathology. With a few exceptions, pathogenic mutants of LRRK2 display decreased phospho-S935 levels and increased phospho-S1292 levels. It remains to be confirmed whether these changes can be used as diagnostic or disease biomarkers, either individually or together. Interestingly, cellular treatment with kinase inhibitors leads to a reduction of both S935 and S1292. Therefore, both sites are also useful as pharmacodynamic marker to assess activity of kinase inhibitors in cellular and animal models.

TABLE 2. Comparison of the two different LRRK2 phosphorylation sites pS935 and pS1292.
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PHOSPHATASES OF LRRK2

We recently reported that protein phosphatase 1 (PP1) is a main phosphatase of the LRRK2 ANK-LRR interdomain sites (Lobbestael et al., 2013). The study first shows that of a panel of recombinant serine/threonine phosphatases, only protein phosphatase 1 can efficiently dephosphorylate LRRK2 in vitro. In vitro dephosphorylation was demonstrated on purified LRRK2 protein which was previously metabolically labeled by radioactive phosphates, showing that PP1 is responsible for dephosphorylation at the majority of LRRK2’s phosphosites, a finding confirmed for 4 sites with phospho-specific antibodies, i.e., S910, S935, S955, and S973. Upon pharmacological inhibition of cells with either PP1 or PP2A phosphatase inhibitors, it was observed that PP1 but not PP2A inhibition could reverse LRRK2 dephosphorylation.

Interestingly, the effects of PP1 in LRRK2 phosphorylation could be confirmed in multiple cell types including HEK293T, SH-SY5Y neuroblastoma cells, mouse primary cortical neurons, U2OS osteosarcoma cells, NIH3T3 mouse fibroblast cells and A549 human lung cancer cells. This shows that PP1 is active as a LRRK2 phosphatase independent of the cell type tested, and it may be predicted that PP1 can dephosphorylate LRRK2 throughout the body.

Similar to PP2A phosphatases, PP1 class phosphatases are holoenzymes which are composed of one catalytic subunit, responsible for catalyzing the actual dephosphorylation event, and one regulatory subunit, responsible for directing the holoenzyme to its specific substrates. There are more than 150 PP1 regulatory subunits reported, allowing several 100 possible holoenzyme compositions (Bollen et al., 2010). This mode of functioning is necessary given that only three PP1 catalytic subunits are expressed in mammalian cells (PP1α, PP1β, and PP1γ; HGNC codes PPP1CA, PPP1CB, and PPP1CC) which on their own are insufficiently diverse to account for the specificity in the huge volume of phosphatase activity mediated by PP1. Indeed, PP1 together with PP2A (which is represented by only two catalytic subunits, PPP2CA and PPP2CB, see below) account for more than 90% of the protein phosphatase activity in eukaryotes (Moorhead et al., 2007; Virshup and Shenolikar, 2009). This is in stark contrast to the diversity for instance of kinases, of which there are ∼400 serine/threonine kinases (Manning et al., 2002). Therefore, a key issue is to identify the composition of the PP1 holoenzyme by identifying the LRRK2-specific PP1 regulatory subunit which associates with the PP1 catalytic subunit.

There is little data available on the phosphatases involved in the regulation of LRRK2 phosphosites outside of the ANK-LRR interdomain region, however, initial evidence suggests that other phosphatases are at play. Work done at the S1292 site shows that inhibitor induced dephosphorylation of LRRK2 at S1292 is insensitive to the phosphatase inhibitors calyculin A (mixed PP1 and PP2A inhibitor) and OA (selective PP2A inhibitor; Reynolds et al., 2014), in contrast to what is observed at the S935 site where inhibitor induced dephosphorylation is inhibited by calyculin A (Lobbestael et al., 2013). However, the low basal S1292 phosphorylation levels of the R1441G mutant is upregulated by both calyculin A and OA treatment (Reynolds et al., 2014), while the S935 phosphorylation levels of the same mutant is only upregulated by calyculin A (Lobbestael et al., 2013). These findings suggest the hypothesis that PP2A, rather than PP1, is the phosphatase system regulating R1441G LRRK2 at S1292.

TAU

It may seem surprising to discuss Tau in relation to PD pathogenesis, as this protein has a relatively long history as a protein involved in neurodegenerative dementias; however, accumulating evidence puts this protein to the forefront in PD with a number of reports pointing to specific properties of Tau in PD distinguishing it from Tau in other neurodegenerative disorders. Tau is a microtubule associating protein which is involved in several neurodegenerative diseases including AD, progressive supranuclear palsy (PSP), corticobasal degeneration (CBD), and some cases of frontotemporal lobar dementia (FTLD). Although tau is mostly associated to dementias, the tau gene has also been identified as a risk factor for PD via genome wide association studies (GWAS; Sharma et al., 2012). The genetic association of MAPT locus variants with PD is a striking finding, and is in stark contrast with the fact that no genetic associations of the MAPT locus are observed in AD (Lambert et al., 2013), showing that tau contributes to both AD and PD but via separate mechanisms.

Tau can occur in six different splice isoforms ranging in size from 352 to 441 amino acids and at least 45 potential tau phosphorylation sites have been reported, including serine, threonine and tyrosine phosphorylation sites [see figure schematic representation of tau protein and the localization of phosphorylation sites, Figure 3; for reviews of tau phosphorylation, please refer to Martin et al. (2013a,b) and Tenreiro et al. (2014)]. Several kinases have been reported to phosphorylate tau. These include proline directed kinases [glycogen synthase kinase 3 (GSK3), cyclin dependent kinase 5 (CDK5), and 5′ adenosine monophosphate-activated protein kinase (AMPK)], non-proline directed kinases [casein kinase 1 (CK1), microtubule affinity regulating kinases (MARKs), death associated protein kinase 1 (DAPK1), cyclic AMP-dependent protein kinase A (PKA) and dual specificity tyrosine-phosphorylation regulated kinase 1A (DYRK-1A)] as well tyrosine kinases including Fyn, Abl, and Syk. The inhibition of tau phosphorylation has been proposed as a therapeutic strategy in tauopathies including early phase clinical testing of GSK-3β inhibition (Del Ser et al., 2013).
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FIGURE 3. Schematic representation of the tau protein and its phosphorylation sites. Depicted in red are mutations associated with frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17). Four main classes of phosphatases reported to regulate tau phosphorylation are given above the schematic. (Tau schematic adapted from Martin et al., 2011 and Tenreiro et al., 2014). Please refer to Table 3 for an overview of sites regulated by each of the four main tau phosphatase classes.



Tau phosphorylation is important for tau function/dysfunction as hyperphosphorylation of tau is generally correlated with the formation of tau protein aggregates which are major components of neurofibrillary tangles, one of the main neuropathological hallmarks of AD which is also observed in other tauopathies including PD. Phosphorylated tau also more specifically influences its affinity for microtubules and high phosphorylation levels of tau have been reported to negatively influence cytoskeleton, synaptic functions as well as cell viability (Buee et al., 2000). Recently, some work has appeared showing some differences in the tau phosphorylation pattern in post-mortem brain of tauopathies, including PD (Duka et al., 2013). This work revealed notable differences in phosphorylation patterns between PD and other tauopathies. For instance, S202, T205, S262, S409 are hyperphosphorylated in AD and DLB, but are unchanged in PD, while others such as T181, S184, S195, S198, S237, S400 are hyperphosphorylated in all three, AD, DLB, and PD. It remains to be confirmed that these varying phosphorylation patterns are indeed related to the varying pathology observed in these different diseases.

PHOSPHATASES OF TAU

In light of the importance of tau phosphorylation for its pathology, several studies have sought to identify phosphatases dephosphorylating tau (reviewed in Martin et al., 2013a). These studies reveal a predominant role for PP2A, which is the most efficient phosphatase to dephosphorylate tau in vitro at S202, S262, and S356, but not S396 (Bennecib et al., 2000; Kuszczyk et al., 2009; Martin et al., 2009). This finding has been related to AD where to PP2A activity is reduced by up to 50% in AD brains (Voronkov et al., 2011; Martin et al., 2013a), observations pointing towards the potential of targeting PP2A for therapy in tauopathies, although this relation has yet to be explored in PD. Besides the major role for PP2A, other phosphatases have also been found to act on tau phosphorylation. For instance, PP1 has been reported to act on tau at a limited number of sites in AD brains (T212, T217, S262, S396, S422; Rahman et al., 2005). Similarly, PP2B (aka calcineurin) is able to dephosphorylate tau at S262 and S396 (Rahman et al., 2006) while PP5 is reported to dephosphorylate tau at sites S198–S199–S202, T231–S235, S262–S356, S396–S404, and S422 (Gong et al., 2004). An overview of these four classes of phosphatases and the precise sites reported to be regulated by each is given in Table 3.

TABLE 3. Overview of different classes of phosphatases reported to regulate tau phosphorylation sites, including PP1, PP2A, PP2B, and PP5.
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Thus far, the precise regulatory subunits, which may render specificity of these phosphatases to specific tau phosphosites, have yet to be elucidated and confirmed. Some evidence points to the importance of the PP2A regulatory Bα subunit in PP2A mediated phosphoregulation of tau. Expression of the Bα subunit of PP2A is decreased in frontal and temporal cortices of AD brain (Sontag et al., 1999, 2004), although it is not known if Bα subunit expression is altered in PD brain. In in vitro assays, the Bα subunit is found to direct the PP2A holoenzyme to microtubules (Xu et al., 2008; Virshup and Shenolikar, 2009), consistent with a role for the Bα subunit in the PP2A holoenzyme dephosphorylating tau.

POTENTIAL INTERPLAY BETWEEN PHOSPHORYLATION OF LRRK2, α-SYN, AND TAU

As LRRK2, α-syn, and tau are all three involved in dominant Parkinsonism, the hypothesis has been put forward that these three proteins interact in pathological pathways (Taymans and Cookson, 2010), most notably with synuclein and tau acting as toxic proteins and LRRK2 acting as an upstream modulator. Experimental evidence from animal models has begun to support the hypothesis of an interaction between these proteins in PD pathology. For instance, toxicity induced by high α-syn levels in mouse brain is attenuated in LRRK2 knockout mice, both in transgenic mice with high α-syn (inducible CaMKII promoter) expression levels (Lin et al., 2009) as well as after viral delivery of α-syn (Daher et al., 2014), although this has not been replicated in other transgenic mice using other promoters to drive LRRK2 and α-syn expression such as the Thy1 promoter (Herzig et al., 2012) or PrP promoter (Daher et al., 2012) suggesting that the effect is dependent on expression patterns or levels. Several reports show that LRRK2 overexpression affects tau expression or tau phosphorylation (see below), supporting the hypothesis that LRRK2 modulates tau although whether LRRK2 is required for tau toxicity has yet to be tested. Interestingly, the injection of α-syn fibrillar strains into mouse brain is shown to induce tau aggregation (Guo et al., 2013), suggesting an interconnection between α-syn and tau pathological mechanisms. Studies of relationships between LRRK2, α-syn, and tau showing pairwise interactions between these proteins suggest that 3-way interaction studies, which are currently still lacking, are warranted. More information on the overall interplay between these three proteins in PD pathology can be found in recent reviews covering this topic (Greggio et al., 2011; Tenreiro et al., 2014). With regards to the topic of the present review, we highlight below the relationships between LRRK2, α-syn, and tau with regard to their phosphorylation regulation.

As LRRK2 is a kinase, it has been hypothesized that LRRK2 may phosphorylate α-syn or tau. Direct phosphorylation of α-syn by LRRK2 in vitro has been tested, however, this led to negative results [reference (Khan et al., 2005) and JMT, VB unpublished results]. Also, in LRRK2 overexpressing mice, phosphorylation levels of α-syn at S129 were found to be unchanged (Herzig et al., 2012) or even reduced compared to controls (Lin et al., 2009), countering the hypothesis that LRRK2 phosphorylates α-syn. Qing and colleagues reported that crude lysates of E. coli expressing LRRK2 as source of enzyme could phosphorylate α-syn at S129, suggesting that LRRK2 may regulate α-syn phosphorylation in conjunction with bacterial proteins (Qing et al., 2009), although this is unlikely to be representative of a human physiological situation. The direct phosphorylation of α-syn by LRRK2 can therefore be excluded.

There is, however, evidence that LRRK2 may be involved in regulating tau phosphorylation. First, tau pathology has been observed in post-mortem brain of LRRK2 mutation carriers, including in carriers of the I1371V (Biernacka et al., 2011), N1437H (Puschmann et al., 2012), R1441C (Zimprich et al., 2004), Y1699C (Khan et al., 2005), G2019S (Lin et al., 2010), and I2020T (Ujiie et al., 2012) LRRK2 mutations. Interestingly, genetic studies suggest that tau variants influence LRRK2 disease, more specifically by influencing the age of disease onset (Gan-Or et al., 2012), although another study found that interactions between LRRK2 and tau were at the limit of statistical significance (Biernacka et al., 2011). In cells and in vivo, several pieces of evidence point to LRRK2 in regulating tau phosphorylation. MacLeod et al. (2006) found that overexpressed LRRK2 G2019S or I2020T in primary neurons colocalized with phospho-tau punctae in axons. Overexpression of LRRK2 via the ThyI promoter left tau and phospho-tau (S202/T205) levels unchanged in mouse brains (Herzig et al., 2012), although S202 phosphorylation levels were found to be enhanced in brains of BAC transgenic mice expressing LRRK2 G2019S (Melrose et al., 2010). In Drosophila, overexpression of LRRK2 G2019S is reported to affect tau dendritic localization and promote tau phosphorylation at T212 through the recruitment of GSK3β (Lin et al., 2010). Interestingly, LRRK2 has been shown to phosphorylate tubulin-associated tau but not free tau (Kawakami et al., 2012). This last finding may be related to the observations in cells that LRRK2 can in certain conditions translocate to skein-like cytoplasmic pools. Although these skein-like cytoplasmic pools have yet to be fully characterized, at least a portion of these are associated to microtubules (Kett et al., 2012). This points to a mechanism whereby LRRK2 may be recruited to microtubules where it may regulate tau phosphorylation with other kinase or phosphatase partners.

In relation to our knowledge of phosphatases of LRRK2, α-syn, and tau and the pathogenic nature of phosphorylations in these proteins, a strategy to target phosphatases in a way that will counteract PD-associated phosphorylation can be proposed. To target LRRK2 disease-related phosphorylations, PP1 would be targeted in order to modulate phosphorylation at its ANK-LRR interdomain phosphorylation sites to a ‘healthy’ level. For instance, pharmacological inhibition of PP1 was shown to increase the S910/S935/S955/S973 phosphorylation to levels comparable to WT. Also, PP1 inhibition was able to reduce the prevalence of LRRK2 presence in skein-like structures observed with several hypophosphorylated disease mutants (Lobbestael et al., 2013). This effect is consistent with a reduction of microtubule associated LRRK2 and therefore reduced risk of LRRK2-mediated tau hyperphosphorylation, suggesting that PP1 inhibition may be a viable therapeutic strategy to inhibit LRRK2 mediated pathology. Thus far, the specific composition of the PP1 holoenzyme targeting the ANK-LRR interdomain sites remains to be elucidated prior to developing LRRK2-specific phosphoregulation strategies. Also, the elucidation of phosphatases regulating other sites, such as S1292, may also reveal other potential phosphatase targets for potential therapies targeting LRRK2 phosphorylation.

For α-syn, targeting PP2A holo-enzymes is a preferred strategy, more specifically through the activation of PP2A to reduce α-syn-S129 phosphorylation levels. The potential of this approach has been shown by pharmacologically enhancing PP2A activity (see above; Lee et al., 2011). The precise PP2A holoenzyme composition for α-syn-S129 has begun to be elucidated, with a preference for the B regulatory subunit above B′ and B′′ subunits. Further elucidation of the preferred C (catalytic) and A (scaffolding) subunits for α-syn-S129 will allow development of phosphatase activation by targeting the PP2A holoenzyme.

For tau, several phosphatases may be targeted, including PP2A, PP1, PP2B, or PP5. The predominant role of PP2A suggests that activation of PP2A may also be a beneficial therapeutic strategy. One issue is whether separate PP2A holoenzymes are responsible for dephosphorylation of tau at the separate phosphosites. Specifically for PD, it may be expected that dephosphorylation of tau at PD hyperphosphorylation sites should be targeted prioritarily, including T181, S184, S195, S198, S237, S400 (Duka et al., 2013). Further research will be needed to describe the PD-tau phosphorylations and their regulation.

TARGETING OF PHOSPHATASES

Modulation of phosphorylation levels of disease proteins is an attractive approach to develop disease modifying therapies. For instance, much effort has been spent on targeting kinases responsible for pathogenic phosphorylations. Kinases are also attractive drug targets. Indeed, attrition rates during development of drugs acting on kinases are lower than for most other classes of drugs (Walker and Newell, 2009). An important factor to bear in mind with pharmacological inhibition of kinases is that this will influence the phosphorylation levels of all of the kinase’s substrates, both in the disease protein as well as for all of its other substrates. Therefore, for key phosphorylations, it may be necessary to target phosphorylations through other means than by targeting kinases. One possibility is to target phosphatases.

Phosphatases are divided into different classes, including phosphoprotein phosphatases (PPP), metal-dependent protein phosphatases and protein tyrosine phosphatases (PTP). Phosphatases from the PPP class are responsible for the vast majority of dephosphorylations of central nervous system proteins. PPPs, such as PP1 and PP2A class phosphatases, have the characteristic of functioning as a holoenzyme composed of two or more subunits, including a catalytic subunit as well as regulatory subunits. Interestingly, there are few catalytic subunits in the PPP family and the regulatory subunits have therefore generally been thought to confer substrate specificity to the holoenzyme. Emerging structural evidence is supporting this view, namely that phosphatase holoenzymes of the PPP family associate in a structured way and that this structure determines substrate specificity of the dephosphorylation. Some examples are the interaction between PP1 and spinophilin, a complex found in neurons (Ragusa et al., 2010), and the PP1γ–MYPT (myosin phosphatase; PPP1R12A) complex that acts as a myosin phosphatase in muscle (Terrak et al., 2014; Yamashiro et al., 2008). Based on this knowledge, it has been proposed that by targeting the holoenzyme structure, for instance by molecules which disrupt substrate-phosphatase holoenzyme complex, one can specifically modulate phosphorylation levels of proteins (McConnell and Wadzinski, 2009; Tsaytler and Bertolotti, 2013; see conceptual schematic in Figure 4). Based on the knowledge of the phosphatases responsible for dephosphorylation of specific phosphosites of proteins, such as emerging knowledge of the composition of phosphatase holoenzymes dephosphorylating specific sites in α-syn, LRRK2, and tau, the specific modulation of phosphorylation levels of single phosphosites is theoretically possible. Further work, including further identification and characterization of specific phosphatase holoenzyme compositions for α-syn, LRRK2, and tau and development of modulators of phosphatase holoenzyme complexes with their specific substrates, is required to test the efficacy of this approach.
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FIGURE 4. Regulation of protein phosphorylation via modulators of phosphatase holoenzymes. Several phosphatase classes, such as PP1 and PP2A class phosphatases depicted here function as multiprotein holoenzymes including a catalytic subunit and regulatory subunits. Phosphatase activity can be modulated by protein-protein interaction modulators (depicted here as red studded bars) which can either disrupt the holoenzyme complex itself or disrupt binding of the holoenzyme to its substrate.



CONCLUSION

The three main proteins linked to Parkinsonism, α-syn, tau, and LRRK2 all display phosphorylations which are modified in disease. The phosphorylation changes are the result of a balance between activity of kinases and phosphatases. Emerging evidence points to phosphatases regulating different pathological phosphorylations in these three proteins, primarily PP1 for LRRK2 and PP2A for α-syn and tau. It appears now feasible to target phosphatases of α-syn, tau, and LRRK2 in order to alleviate pathology mediated by pathological phosphorylation of these disease proteins. In order for this approach to reach its full potential, additional research will be required further linking individual or clustered phosphorylation events in these three proteins to disease. Also, refined knowledge of the precise holoenzyme compositions for each pathological phosphorylation is necessary to develop highly specific phosphatase holoenzyme modulators.
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Recent investigations associate Varroa destructor (Mesostigmata: Varroidae) parasitism and its associated pathogens and agricultural pesticides with negative effects on colony health, resulting in sporadic global declines in domestic honeybee (Apis mellifera) populations. These events have motivated efforts to develop research tools that can offer insight into the causes of declining bee health as well as identify biomarkers to guide breeding programs. Here we report the development of a bee-specific peptide array for characterizing global cellular kinase activity in whole bee extracts. The arrays reveal distinct, developmentally-specific signaling profiles between bees with differential susceptibility to infestation by Varroa mites. Gene ontology analysis of the differentially phosphorylated peptides indicates that the differential susceptibility to Varroa mite infestation does not reflect compromised immunity; rather, there is evidence for mite-mediated immune suppression within the susceptible phenotype that may reduce the ability of these bees to counter secondary viral infections. This hypothesis is supported by the demonstration of more diverse viral infections in mite-infested, susceptible adult bees. The bee-specific peptide arrays are an effective tool for understanding the molecular basis of this complex phenotype as well as for the discovery and utilization of phosphorylation biomarkers for breeding programs.
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1. INTRODUCTION

In recent years, there has been an alarming worldwide decline in populations of honeybees (Apis mellifera) (Dietemann et al., 2013). This is of considerable concern, as approximately one-third of the human food supply depends on pollination by the honeybee (Greenleaf and Kremen, 2006; Cox-Foster et al., 2007; Vanengelsdorp et al., 2009). A number of possible causes have been suggested, including Varroa mite parasitism and associated pathogens (Martin et al., 2012; Nazzi et al., 2012), increased use of pesticides, lack of genetic diversity, and other factors (Vanengelsdorp et al., 2009; Mullin et al., 2010).

The ectoparasitic mite Varroa destructor, and RNA viruses that are associated with it, are a significant challenge to the honeybee. Deformed wing virus (DWV) (Martin et al., 2012, 2013), Israeli acute paralysis virus (IAPV), acute bee paralysis virus (ABPV), and Kashmir bee virus (KBV) are the major viruses vectored by Varroa (Di Prisco et al., 2011). Varroa mites continue to spread throughout the world and contribute to the decline of domesticated honeybee populations (Martin et al., 2012; Nazzi et al., 2012). Their natural host, the Asian honeybee (Apis ceranae), has developed protective mechanisms based on behavioral characteristics, such as grooming and hygienic traits, as well as differences in brood development time, rather than differences in immunity (Sammataro et al., 2000; Rosenkranz et al., 2010). The western honeybee, initially exposed to Varroa mite parasitism in the mid-1960s (Sammataro et al., 2000), has yet to develop adequate resistance mechanisms. Many synthetic miticides have been deployed to combat Varroa infestations, but the mites quickly develop resistance; further, the miticides have detrimental effects on honeybee health, and can also leave dangerous residues in the wax (Lodesani and Costa, 2005).

A more attractive approach is to breed honeybees capable of resisting or controlling Varroa mite infestation. However, breeding for Varroa resistance is complicated by a lack of understanding of honeybee susceptibility to mite parasitism, a dearth of biomarkers to identify potentially resistant progeny, and the instability of resistant phenotypes. A number of groups have used natural selection to identify colony phenotypes with Varroa resistance (Le Conte et al., 2007; Seeley, 2007). The most well-characterized genetic stocks able to suppress Varroa population growth are the Varroa sensitive hygiene (VSH) lines (Harbo and Harris, 2009; Tsuruda et al., 2012). In this work, the Saskatraz natural selection project (http://www.saskatraz.com) selected and characterized susceptible and resistant honeybee colony phenotypes for molecular analyses. This project focuses on recurrent natural selection of survivor colonies for honey production, wintering ability, resistance to Varroa, and overall colony health, in the absence of synthetic miticides.

There is a general consensus that understanding the cellular mechanisms of these disease-resistance phenotypes requires a global perspective on bee biology. To this end, a number of recent studies have examined the differential expression of genes (Le Conte et al., 2011) and proteins (Parker et al., 2012) in honeybees that suppress Varroa population growth. These efforts have neither provided clear insight into the cellular mechanisms of Varroa mite susceptibility nor identified reliable biomarkers. This reflects the challenges associated with deciphering complex biology, in particular within the context of a mixed genetic population.

Similar challenges have been overcome in other livestock species through the development and application of species-specific peptide arrays for analysis of global cellular kinase (kinome) activity (Arsenault et al., 2012, 2013b; Trost et al., 2013a). Kinase-mediated protein phosphorylation is critical for the regulation of cellular responses and phenotypes. Analysis of global kinome activity has provided a powerful tool to understand complex biology as well as to identify therapeutic targets and biomarkers (Eglen and Reisine, 2011). In particular, the ability to use short peptides as surrogate substrates for kinases makes it possible to monitor the kinome using high-throughput peptide arrays (Arsenault et al., 2011). While detailed descriptions of the phosphoproteome are available for only a limited number of species, it is possible to predict the sequence contexts of phosphorylation events based on genomic information, creating the opportunity to develop species-specific kinome microarrays for species whose phosphoproteomes have not been extensively characterized (Jalal et al., 2009; Trost et al., 2013a). Kinome analysis has been demonstrated to have considerable utility in understanding cellular mechanisms of host-pathogen interaction (Kindrachuk et al., 2011; Arsenault et al., 2012, 2013a; Määttänen et al., 2013; Mulongo et al., 2014) as well as identifying phosphorylation biomarkers that predict or reflect phenotypic traits (Arsenault et al., 2013b). Recently, the existence of temporally-stable species and individual-specific phosphorylation profiles, or kinotypes, was reported (Trost et al., 2013c). These stable patterns within individuals likely reflect genetic, epigenetic, environmental and developmental influences and may provide mechanistic and predictive insight into complex, multi-factorial phenotypes. Similarly, while kinome analysis is traditionally performed on samples of low biological complexity, such as cultured cells or purified cell populations, recent applications have extended this analysis to more complex samples, including intestinal tissue (Määttänen et al., 2013) and muscle biopsies (Arsenault et al., 2013b).

Here we report the development of a bee-specific kinome array and its application to characterize honeybees with a quantified, differential susceptibility to Varroa mite infestation. Bees of the susceptible and resistant phenotypes possess distinct kinome profiles at a number of developmental stages ranging from pupae to adult, highlighting the potential to use these differences as markers for breeding programs. Kinome analysis also offers insight into the mechanisms underlying disease susceptibility. Specifically, the kinome data indicate that the susceptibility to Varroa mite infestation does not reflect compromised immunity. There is, however, evidence for mite-mediated immune suppression within the susceptible phenotype, which may reduce the ability of these bees to counter secondary infections. Consistent with this hypothesis, an increased diversity of viral infections is observed in Varroa-infested susceptible bees. Overall, the bee-specific peptide arrays offer an effective tool for understanding the molecular basis of complex phenotypes and for analyzing specific biological responses, and may facilitate the identification of phosphorylation biomarkers for breeding programs.

2. MATERIALS AND METHODS

2.1. COLONY PHENOTYPE SELECTION

A detailed description of the honeybee breeding and selection program that was used to construct and identify the Varroa mite susceptible and resistant phenotypes can be accessed at http://www.saskatraz.com. Briefly, Meadow Ridge Enterprises Ltd. established a closed-population mating program in 1992, selecting from approximately 1200 colonies annually for honey production, wintering ability and chalk brood resistance. Tracheal mites were first observed in the colonies in the late 1990s, and Varroa mites were detected shortly thereafter. The selected population showed no resistance to either mite. To introduce mite resistance, Russian stock was imported as embryos from the USDA between 2001 and 2005 (Rinderer et al., 2001). Russian virgins from three different selections were close-population mated to selected colonies at the Meadow Ridge apiary. The F1 hybrids from these initial crosses were established at three different isolated apiaries, and used to backcross Russian virgins from subsequent shipments to regenerate Russian stock, and for re-selection under Canadian conditions. These apiaries served as a source of colonies for the natural selection apiary, and for drones in crosses used to increase Varroa resistance. In 2004, a natural selection apiary was established at an isolated area in Saskatchewan, called Saskatraz, using colonies from Meadow Ridge and collaborating Saskatchewan beekeepers. This apiary was established to further select for productive colonies with mite resistance and good wintering ability, without synthetic miticide treatment. Tracheal mites were introduced in the fall of 2004 by adding 200 worker bees with 60% tracheal mite infestations. Varroa mites were present in the original selections.

A colony phenotype called Saskatraz 88 (S88) was constructed by backcrossing a daughter from a Russian hybrid line selected at Saskatraz in 2006 to drones at an isolated Russian apiary (RP30) previously established at Meadow Ridge to increase Varroa tolerance. The resulting colony superseded and a daughter was mated at the RP30 apiary again, resulting in two back crosses at the RP30 apiary. Extensive screening of Varroa present on adult bee populations in both breeding populations and commercial colonies identified G4, a susceptible colony phenotype established in the summer of 2009. G4 bees showing high Varroa mite infestations during spring evaluations were selected and moved to an isolated apiary used as a Varroa nursery for experimental purposes. Susceptible colonies were not treated and left to die, serving to remove susceptible colonies from the breeding population. G4 and S88 were located in different apiaries during the course of the experiment. No queen events (swarming, supersedure) were noted in either S88 or G4 colonies during their lifespans. The S88 queen was last observed in the fall of 2010 in the Saskatraz natural selection apiary and failed in the spring of 2011.

Varroa infestations on adult bees (phoretic phase) were evaluated by washing 200–300 bees in 100% methanol. Analyses of Varroa in sealed brood (percent brood infestation and number of Varroa per cell) and natural Varroa drop onto sticky boards was also monitored. For molecular analyses, several hundred adult worker bees were collected from the brood nest and white-eyed, pink-eyed and dark-eyed pupae were collected from sealed brood of both S88 and G4 colonies in September 2010. Pupae and adult bees, either infested or not infested with Varroa mites, were collected. The samples were frozen in liquid nitrogen and stored at −80°C.

2.2. DESIGN OF A HONEYBEE-SPECIFIC PEPTIDE ARRAY

To the authors' knowledge, no phosphorylation sites have been experimentally characterized in honeybee. As such, the following procedure was performed in order to identify putative honeybee phosphorylation sites. Experimentally-determined phosphorylation sites from other organisms were downloaded from the PhosphoSitePlus (Hornbeck et al., 2004, 2012) and Phospho.ELM (Diella et al., 2004, 2008; Dinkel et al., 2011) databases, and were combined into a single file. These included sites from organisms such as human, rat, mouse, cow, and Drosophila melanogaster (the closest honeybee relative for which phosphorylation sites are known). Phosphorylation sites were represented as 15-mer peptides, with the phosphorylated residue in the center and seven residues on either side. The honeybee proteome was constructed as follows. First, all of the honeybee proteins from UniProt (671 proteins) and GenBank (12,050 proteins) were downloaded. Second, the honeybee genome (Honeybee Genome Sequencing Consortium, 2006) was downloaded in the form of 16,501 contigs, and genes (along with their translations) were predicted using the program GeneMark.hmm (Lukashin and Borodovsky, 1998), giving 27,730 predicted proteins. Proteins from these three sources were then combined to create a final honeybee proteome consisting of 40,451 proteins. Using the DAPPLE program (Trost et al., 2013a), the 15-mer peptides from PhosphoSitePlus and Phospho.ELM were searched using BLAST against the honeybee proteome to find homologous sites. DAPPLE produced a table designed to facilitate the process of selecting honeybee peptides for inclusion on the array. Each row of the output table corresponded to a phosphorylation site from PhosphoSitePlus or Phospho.ELM. In addition to the sequence of the best hit in the honeybee proteome, the table contained the number of sequence differences between the query peptide and the honeybee peptide, with honeybee peptides having few sequence differences being preferred. The table also included the position (e.g., Y128) of the phosphoacceptor residue for both the query peptide and the hit peptide, with honeybee peptides where the position was similar for both query and hit being preferentially selected. In addition, peptide sequences contained within proteins from UniProt or GenBank were preferred over those from proteins predicted by GeneMark.hmm. Using the above criteria, this list was manually curated to select appropriate honeybee phosphorylation sites for inclusion on the array. Peptides were selected that represent phosphorylation events associated with a broad spectrum of signaling pathways, but with specific emphasis on proteins and processes associated with innate immunity. A total of 299 peptides were ultimately selected. Each of these peptides was spotted in triplicate within each block. Further, each block was printed in triplicate, providing nine technical replicates for each peptide. Peptide synthesis, array spotting and quality control were performed as a commercial service (JPT Peptide Technologies, Berlin, Germany).

2.3. KINOME ANALYSIS

Application of the peptide arrays was based upon a previously reported protocol with modifications (Määttänen et al., 2013). Briefly, individual frozen whole bees were placed in a sealed plastic bag in the presence of 300 μl of lysis buffer. The bees were struck repeatedly with a rubber mallet and the suspension was centrifuged at 10,000 × g for 10 min. Supernatants were used for kinome analysis.

2.4. DATA ANALYSIS

The dataset for each array contained the signal intensities associated with the nine technical replicates for each of the 299 peptides for the whole body extracts of honeybee pupae or adults either uninfested or infested with Varroa mites. Those treatments were labeled “G4−” (susceptible and uninfested), “G4+” (susceptible and infested), “S88−” (resistant and uninfested), and “S88+” (resistant and infested). Kinome data were processed through PIIKA 2, a pipeline for processing kinome array data (Li et al., 2012; Trost et al., 2013b), with the following study specifics.

2.4.1. Consistency of technical replicates

For each peptide within a given array, a chi-square test was performed to determine whether the degree of variability among the technical replicates for that peptide was greater than would be expected by chance. Any peptide that had a P-value according to the chi-square test of less than 0.01 was considered to be inconsistently phosphorylated among the technical replicates.

2.4.2. Treatment-treatment variability analysis and pathway analysis

For each peptide, a paired t-test was used to compare its normalized signal intensity values under a treatment condition with those under a control condition. Three tests were performed for each peptide: G4+ versus G4−, S88+ versus S88−, and G4− versus S88−. Peptides with significant (P-value < 0.10) changes in phosphorylation were identified. This level of significance was chosen to retain as much data as possible in order to facilitate subsequent pathway analysis (Li et al., 2012). Pathway and gene ontology (GO) analysis was performed as described previously (Kindrachuk et al., 2011; Määttänen et al., 2013) using InnateDB (Lynn et al., 2008).

2.4.3. Cluster analysis

The pre-processed data were subjected to hierarchical clustering and principal component analysis (PCA) to cluster peptide response profiles across arrays. Only peptides that were consistently phosphorylated among the technical replicates for all arrays were included in the clustering analysis. For each consistently-phosphorylated peptide on a given array, the average was taken over the nine replicates before performing clustering. For hierarchical clustering, the distance metric used was (1−Pearson correlation), while the linkage method used was that of McQuitty (1966). Subsets of peptides that could discriminate between resistant and susceptible bees were identified as described previously (Trost et al., 2013b).

2.5. VIRUS DETECTION

Bees were stored at −80°C until RNA was extracted. Individual pupa were placed in small plastic bags, pulverized on dry ice, and solubilized in 700 μl Trizol (Invitrogen Canada, Burlington, ON). RNA was purified using RNeasy Mini-columns (Qiagen Canada Inc., Mississauga, ON) and RNA concentration quantified with an Agilent 2100 Bioanalyzer using RNA 6000 Nano kits (Agilent Technologies Canada Inc., Mississauga, ON). RNA pellets were re-suspended in DEPC water and converted to cDNA using qScript cDNA Supermix (Quanta Biosciences, Gaithersburg, MD). qRT-PCR was performed using PerfeCta SYBR Green Supermix for IQ (Quanta Biosciences) on a BioRad IQ5 thermocycler. Deformed wing virus was detected using primers CAGTAGCTTGGGCGATTGTT (forward) and AGCTTCTGGAACGGCAGATA (reverse) (Cox-Foster et al., 2007). Israeli acute paralysis virus was detected using primers GCGGAGAATATAAGGCTCAG (forward) and CTTGCAAGATAAGAAAGGGGG (reverse) (Di Prisco et al., 2011). Kashmir bee virus was detected using primers GATGAACGTCGACCTATTGA (forward) and TGTGGGTTGGCTATGAGTCA (reverse) (Cox-Foster et al., 2007). The presence of a single PCR product of the expected size was confirmed in 2% agarose gels (Invitrogen). Detection of DWV, IAPV, and KBV was performed using an end-point PCR protocol with Phusion polymerase (New England Biolabs, Whitby, ON) with amplification at 98°C for 30 s, then 30 cycles of: 98°C for 10 s, 60°C for 15 s, and 72°C for 20 s followed by 20 s at 72°C. Amplified products were visualized with ethidium bromide staining of 2% agarose gels. The real time cycling protocol for quantification of DWV was 95°C for 2 min, then 40 cycles of 95°C for 15 s, 60°C for 30 s, and 72°C for 30 s, followed by a melt curve to confirm amplification of a single product.

3. RESULTS

3.1. CHARACTERIZATION OF VARROA MITE SUSCEPTIBLE AND RESISTANT BEE PHENOTYPES

Varroa mite infestation was quantified yearly between 2007 and 2011 for the resistant (S88) colony and in 2010 for the susceptible (G4) colony (Figure 1A). In 2009, the average Varroa infestation rates for S88 remained below 10 per 100 bees (PHB) but ranged as high as 19 PHB. In 2010, eight samples were analyzed between May and October showing an average infestation of three to five PHB in the S88 colony. Adult bee samples with and without Varroa were sampled in September for kinome analyses, when phoretic mite levels were four PHB (Figure 1A). S88 died in April 2011 with a Varroa mite population of nine PHB after a colony lifespan of 58 months. This colony resisted Varroa mite population growth throughout its lifetime, although significant levels of Varroa mites persisted in the colony from establishment. High levels of phoretic Varroa were detected in May 2010 in G4 and reached as high as 67 PHB. Varroa mite population growth was very rapid in this colony (Figure 1A). Adult bees with and without Varroa were sampled for kinome analyses when phoretic Varroa populations were highest (September 2010). G4 died in October with a lifespan of 17 months.
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FIGURE 1. Quantification of Varroa mite infestation of G4 and S88 bees. (A) Average phoretic Varroa infestations per 100 bees in S88 and G4 colonies. Bars show the range of yearly phoretic Varroa infestations in S88 (2007–2010) and G4 (2010). (B) Percent Varroa infestation in sealed brood at different stages of development. Over 500 sealed brood cells were analyzed for each colony and scored for presence of Varroa.



These resistant and susceptible colonies were further defined by evaluating Varroa infestation in the sealed brood at the same time as adult bee samples were collected for molecular analyses. Honeybee colonies during September in Western Canada decrease brood rearing and the adult population begins to decline. Varroa increase migration into the brood, and brood Varroa levels can quickly increase. Scoring sealed G4 brood cells (n = 500) revealed that 88%, 84%, and 70% of the white-eyed, pink-eyed and dark-eyed pupae, respectively, were Varroa-infested (Figure 1B). The phoretic mite levels on adult G4 bees (67 PHB) was similar to the infestation rate for dark-eyed pupae. In contrast, S88 brood infestation levels were much lower, with dark-eyed pupae infestation levels dropping to 17% from 44% and adult phoretic levels to four PHB (Figure 1B). These results imply that S88 resists Varroa population growth by removing Varroa from the brood. In addition, fewer Varroa per cell were detected in dark-eyed pupae and pre-emergent pupae in S88 than G4 at July 2010 sampling dates. G4 showed 2.7 ± 2.0 Varroa per cell (± standard error of the mean, n = 70), and S88 showed 1.5 ± 1.0 Varroa per cell (n = 9).

3.2. DEVELOPMENT OF A BEE-SPECIFIC PEPTIDE ARRAY

The bee-specific peptide array was developed using the DAPPLE program (Trost et al., 2013a) as described in section 2. DAPPLE predicted nearly 10,000 phosphorylation events within the honeybee proteome. Of the predicted phosphorylation events, approximately 0.6% were exactly conserved over a peptide of 15 amino acids (seven residues flanking each side of the phosphoacceptor site) (Supplementary Table 1). The low degree of conservation highlights the importance of developing species-specific arrays as opposed to simply translating commercially available arrays across species.

From this panel, 299 unique phosphorylation events were selected using the criteria described in section 2. Peptides were selected to represent phosphorylation events associated with a broad spectrum of signaling pathways (to facilitate novel discovery) but with emphasis on pathways and processes associated with insect innate immunity. A GenePix Array List (GAL) file containing the exact layout and content of the array used in this study is provided (Supplementary File 1).

An image highlighting the format of the arrays as well as the consistency and reproducibility of peptide spotting is presented (Figure 2A). An image of a data scan of a representative array used for analysis of a whole-bee lysate is also provided (Figure 2B). All of the arrays used in this study were of comparable quality with respect to the clarity and consistency of peptide phosphorylation.
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FIGURE 2. Printing and validation of the bee-specific peptide array. (A) The arrays were printed by a commercial provider (JPT Peptide Technologies, Berlin, Germany). For each array, each spot was printed in triplicate within each block. Each block was then printed in triplicate, for a total of nine technical replicates of each peptide. This image, taken as a quality control step in array production, illustrates the consistency and reproducibility of peptide spotting. (B) An image of a data scan of a representative array used for analysis of a whole-bee sample. A clear and consistent pattern of peptide phosphorylation is apparent across the three printed blocks.



3.3. KINOME PROFILING OF BEE PHENOTYPE AT DIFFERENT DEVELOPMENTAL STAGES

Uninfested bees (n = 3) of each phenotype (G4 and S88) were considered at each of three developmental stages (pink-eyed pupae, dark-eyed pupae and adult). In each case, kinome analysis was performed with lysate extracted from the whole organism. Morphologically, there was a clear distinction between each developmental stage. There was, however, no obvious difference in bee morphology when comparing between G4 and S88 within each development stage. The relationships among the 18 kinome datasets were evaluated through hierarchical clustering (Figure 3A) and three-dimensional PCA (Figure 3B). There was a clear indication of distinct developmentally-specific kinome profiles. Further, within each developmental stage, there was strong evidence of distinct kinome profiles for the G4 and S88 bees, indicating that Varroa mite susceptibility or resistance is reflected at the level of signal transduction.
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FIGURE 3. Clustering of the kinome profiles of bees of different phenotypes at different developmental stages. (A) Hierarchical clustering of kinome datasets. (1−Pearson correlation) was used as the distance metric, while McQuitty linkage was used as the linkage method. Each column represents the kinome activity of individual bees (n = 3/treatment). The kinome profiles of the bees segregated first by developmental stage and then largely by colony phenotype (S88: resistant; G4: susceptible). Colors indicate the average (over nine intra-array replicates) normalized phosphorylation intensity of each target, with red indicating greater amounts of phosphorylation and green indicating lesser amounts of phosphorylation. (B) Principal component analysis. The first three principal components are shown. The points are as follows: red, adult G4; dark blue, adult S88; green, dark-eyed G4; purple, dark-eyed S88; orange, pink-eyed G4; light blue, pink-eyed S88. The proportions of variance explained by the first, second, and third principal components were 29.1%, 15.3%, and 7.5%, respectively.



3.4. PHOSPHOMARKERS OF VARROA MITE SUSCEPTIBILITY IN DARK-EYED PUPAE

The ability of the arrays to detect distinct kinome profiles (kinotypes) corresponding to each phenotype suggests that the arrays may represent a valuable tool for identification of kinase activity biomarkers that are associated with resistance or the response to Varroa mite infestation. Specifically, the bee-specific peptide array, representing 299 phosphorylation events, was able to discriminate between each developmental stage, and between the two phenotypes within each developmental stage (Figure 3).

To determine whether smaller sets of peptides could also discriminate between the phenotypes, the peptide subset analysis described by Trost et al. (2013b) was performed on the bees at the dark-eyed pupae stage. This procedure was used to identify subsets of peptides having the property that, when samples were clustered using these peptides, bees of the same phenotype clustered together as closely as possible. This was done for peptide subsets of size 3–200. For subsets of selected cardinalities (5, 10, 25, 50, 100, 150, and 200), the random tree analysis described by Trost et al. (2013b) was performed to determine whether that set of peptides discriminated between the susceptible and resistant phenotypes better than would be expected by chance. It was discovered that subsets of as few as five peptides could discriminate the resistant and susceptible bee phenotypes with a high degree of confidence (P-value < 0.001) (Table 1). Given this, it may be possible to create a smaller, more targeted array that could provide unique kinomic profiles for each phenotype. Such a peptide subset could serve as a minimal array of practical value for screening bees within breeding programs as well as for assurance of phenotype in the sales and marketing of commercial bees.

Table 1. Ability of subsets of peptides to discriminate susceptible and resistant bees at the dark-eyed pupae stage.
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3.5. KINOMIC RESPONSES OF SUSCEPTIBLE AND RESISTANT DARK-EYED PUPAE TO VARROA MITE CHALLENGE

Kinome profiles were determined for individual dark-eyed pupae (n = 3) of both the G4 and S88 colony phenotypes in the presence and absence of Varroa mite infestation. Hierarchical clustering analysis of the kinome data demonstrated distinct clustering on the basis of Varroa mite susceptibility, indicating distinct patterns of phosphorylation-mediated signal transduction within the two phenotypes (Figure 4A). This was confirmed with PCA, in which distinct clustering of samples corresponding to the phenotypes was also observed (Figure 4B). For both hierarchical clustering and PCA, there was further sub-clustering based on the infestation status of the samples within the susceptible phenotype. This sub-clustering was not observed within the resistant samples, except for one S88 infested pupae which showed some overlap with the susceptible G4 phenotype. These observations imply Varroa parasitism induced a more pronounced change in intracellular physiology within Varroa susceptible bees compared to resistant bees.
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FIGURE 4. Clustering of the kinome profiles of dark-eyed pupae of different phenotypes and infestation statuses. (A) Hierarchical clustering of kinome datasets. (1−Pearson correlation) was used as the distance metric, while McQuitty linkage was used as the linkage method. Each column represents the kinome activity of individual pupae (n = 3/treatment). For the most part, cluster analysis first segregated kinome profiles by colony phenotype (S88: resistant; G4: susceptible), and then segregated G4 pupae by presence or absence of Varroa infestation. (B) Principal component analysis. The first three principal components are shown. Separation of the samples on the basis of phenotype is clearly observed, with further distinction within the susceptible, but not resistant, samples on the basis of infestation status. The points are as follows: red, G4+; dark blue, G4−; green, S88+; purple, S88−. The proportions of variance explained by the first, second, and third principal components were 22.5%, 14.8%, and 11.2%, respectively.



3.6. CELLULAR MECHANISMS OF VARROA MITE SUSCEPTIBILITY

The kinome data were interrogated to define the biological differences between bee phenotypes at the dark-eyed pupae stage of development. Many peptides were differentially phosphorylated between phenotypes or treatments. For instance, in the uninfested samples of each phenotype, there were 153 peptides (over half of the peptides on the array) for which there were significant (P-value < 0.1) differences in phosphorylation between the phenotypes. This is consistent with resistance to Varroa mite infestation being a complex and multi-faceted process.

Specific consideration of these differentially phosphorylated peptides from the perspective of gene ontology and pathway overrepresentation analysis revealed a number of points of biological difference between uninfested bees of the resistant and susceptible phenotypes (Table 2 and Supplementary Table 2), between infested and uninfested bees of the susceptible phenotype (Table 3 and Supplementary Table 3), and between infested and uninfested bees of the resistant phenotype (Table 4 and Supplementary Table 4). When comparing uninfested bees from the two phenotypes, there were no clear differences in pathways and processes associated with immune function (Table 2 and Supplementary Table 2). An interesting exception is that within the G4 pupae, there was a trend toward the down-regulation of innate immunity (P-value < 0.1) in response to Varroa mite infestation (Table 3). Down-regulation of innate immune processes in response to Varroa mite infestation was not observed in the resistant phenotype (Table 4).

Table 2. Gene ontology analysis of uninfested resistant and susceptible dark-eyed pupae (S88-/G4-).
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Table 3. Gene ontology analysis of susceptible dark-eyed pupae (G4+/G4−).
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Table 4. Gene ontology analysis of resistant dark-eyed pupae (S88+/S88−).
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3.7. DETECTION OF SECONDARY VIRAL INFECTIONS

For bees of both phenotypes, at the dark-eyed pupae stage of development and in the absence of Varroa mites, there was a shared presence of detectable, but low levels of DWV (Figure 5). However, in the presence of Varroa mites there was an approximately 10,000-fold increase in DWV RNA relative to the Varroa mite-free pupae (Figure 5). There was also no detectable IAPV and KBV RNA in pupae of both phenotypes, regardless of the presence or absence of mite infestation (data not shown). These observations support the hypothesis that Varroa mites serve as a vector for virus transmission and that both phenotypes experience equal levels of viral infection following mite infestation. This observation supports the conclusion that kinotypic differences between pupae from the two phenotypes reflect differences in host responses to the Varroa mite and not viral infection.
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FIGURE 5. Virus presence in honeybee populations. The level of deformed wing virus (DWV) present in dark-eyed pupae was compared in the presence (+) or absence (−) of a detectable Varroa mite infestation. DWV was detected using qRT-PCR and the level of viral infection was measured as the threshold cycle (Ct) for viral RNA amplification. Ct values are inversely proportional to the abundance of viral RNA. Data presented are values for individual pupae (n = 6/group). Significant differences (P-value < 0.05) among treatment groups are denoted by different letters above each column.



The presence of immunosuppression was suggested by kinome data analysis of susceptible bees at the dark-eyed pupae stage of development. If this immunosuppression persists throughout the life of a bee, then the ability of bees to counter further infection by secondary pathogens may be compromised. Consistent with this hypothesis, screening for two additional viral bee pathogens, IAPV and KBV, confirmed higher rates of infection in the susceptible adult bees in the face of Varroa mite infestation (Table 5).

Table 5. Percentage of resistant and susceptible adult bees with detectable virus.
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4. DISCUSSION

There is a clear and emerging priority for the ability to define global host responses at the level of phosphorylation-mediated signal transduction. As technologies advance, there is greater opportunity to apply these approaches to a broader range of species as well as samples of increasing biological complexity. Kinome analysis is often performed on cellular samples of low complexity, such as cultured cells, or purified primary cell populations, such as monocytes. Recently, there have been demonstrations of kinome analysis of samples of greater biological complexity, such as organ samples (Arsenault et al., 2013b) and intestinal tissue (Määttänen et al., 2013). The current report, to the best of our knowledge, represents the first development of an insect-specific peptide kinome array as well as the first application of kinome analysis at the whole-organism level. The incentive to push the technology in this direction was to develop a research tool of value in the understanding of colony collapse disorder of bees. Specifically, we sought to apply the bee-specific array to populations with differing resistance to Varroa mite infestation, in the presence and absence of this critical pathogen, to provide insight into mechanisms of disease resistance as well as biomarkers for strategic bee breeding programs.

The kinome data emerging from analysis of distinct phenotypes (susceptible and resistant) at three developmental stages (pink-eyed pupae, dark-eyed pupae, and adults) provided clear evidence of a phenotype-associated kinotype. As might be anticipated, each stage of development was also associated with a different global pattern of signal transduction activity. Within these development-specific patterns of clustering, there was clear evidence for distinct sub-profiles corresponding to each of the Varroa mite susceptibility phenotypes. This suggests the potential to translate the arrays into a tool that could be utilized to inform commercial aspects of bee production, such as sales and breeding. Phosphosignatures that reflect important phenotypes, such as disease resistance or production value, could be incorporated into a second generation honeybee-specific array.

In the absence of Varroa mite infestation, there were clear and consistent differences in the signaling profiles of the susceptible and resistant bees. The magnitude of these differences suggests that resistance is a complex, multifactorial process. Interestingly, for the uninfested bees there were no obvious differences between the two phenotypes that relate to pathways or processes immediately associated with immunity. This is consistent with a previous investigation of the biological basis of Varroa mite susceptibility phenotypes through gene expression approaches, which suggested that differences in behavior, rather than immune function, underlie Varroa resistance (Navajas et al., 2008). The most well-defined traits associated with Varroa resistance are hygienic behavior and grooming behavior that function to maintain lower Varroa populations (Harbo and Harris, 2009; Tsuruda et al., 2012). The S88 phenotype also showed better grooming behavior (unpublished observations). However, in our breeding efforts, it is difficult to stabilize Varroa resistant phenotypes, and the progeny of selected colony phenotypes are highly variable. Colony phenotypes can also change over time within the same colony. The survival of a resistant phenotype may be due to combinations of grooming and hygienic behavior as well as undefined mechanisms that restrict the propagation of viral pathogens. This combination of traits may be critical for bee survival in the presence of a persistent Varroa infestation. Elucidation of the mechanisms involved in this resistance to colony collapse may be critical for breeding bees able to tolerate low levels of persistent Varroa parasitism while maintaining colony health.

The responses of the two bee phenotypes to Varroa mite infestation in the current study were also investigated using pathway over-representation and gene ontology analysis. For the resistant bees, a small number of pathways were found to be activated in response to Varroa infestation. Specifically, there was robust activation of MAPK signaling, which may represent the most effective host response through induction of stress response pathways. Activation of MAPK signaling has been linked to successful management of pathogenic challenge in a number of species, including insects (Arthur and Ley, 2013). In contrast, within the susceptible bees, there were more far-reaching consequences to Varroa mite challenge, including evidence for a down-regulation of innate immune responses.

There are conflicting opinions in the literature regarding the significance of host immunity, and the potential ability of Varroa mites to compromise host immunity. For example, some investigations have reported that Varroa mites, or virus associated with mites, compromise honeybee immunity (Gregory et al., 2005) and promote amplification of bee viruses (Yang and Cox-Foster, 2005). From a more global perspective, a number of ectoparasites immunosuppress their vertebrate hosts and increase susceptibility to infectious disease (Yang and Cox-Foster, 2005). Varroa mites may contribute to colony collapse by suppressing bee immunity and promoting secondary viral infections (Yang and Cox-Foster, 2005; Evans and Schwarz, 2011). Given the conserved transmission route associated with many bee parasites, co-infection of individual bees and colonies by multiple viral pathogens is a common occurrence that can have direct and indirect interactions that may be additive, synergistic or neutral in consequences to the host (Evans and Schwarz, 2011). Varroa mites are associated with a number of honeybee RNA viruses. In this capacity, the mites are known to contribute to colony failure both by acting as a reservoir and incubator for the viruses as well as facilitating their spread among bees (Nazzi et al., 2012). Our work adds another layer to this synergy by suggesting that infestation by the mite renders the bee host more susceptible to viral infection by compromising the innate immune system.

Our kinome data strongly indicate that differences in immune capabilities are likely not involved in Varroa susceptibility; rather, this phenotype may reflect primarily behavioral differences. Following Varroa mite infestation, however, the immunosuppression observed in the susceptible bees may influence their ability to counter further infestation by mites as well as secondary viral pathogens. This hypothesis is supported by greater diversity of secondary viral infections in the susceptible bees following Varroa mite infestation. This could occur at the level of the individual bees as well as the entire colony. The ultimate collapse of these colonies may represent the collective toll of these combined infections, as well as other potential stressors. This suggests that bees are not susceptible to Varroa mite infestation because they are immunocompromised; rather, they are immunocompromised because they are infested with Varroa mites. This understanding, in concert with the use of the arrays to identify appropriate biomarkers, may enable strategic breeding and management efforts to deal with the problem of Varroa parasitism and honeybee colony loss worldwide.

This initial kinome-wide analysis of honeybees has generated a number of important questions that motivate further experimental investigation. For example, more targeted investigation of the host-pathogen interaction between honeybees and Varroa mites may confirm the hypothesis that the vulnerability of the susceptible bees reflects consequences of Varroa mite infestation, as well as evidence of the molecular mechanisms involved. Unknown factors may be acting at the cellular level in Varroa resistant bees identified by natural selection (survival colonies), which may or may not be present in bees showing behavioral characteristics for expression of Varroa resistance. These factors may protect against the fatal effects associated with viruses (DWV, IAPV, KBV) vectored by Varroa, or may reduce the ability of Varroa to cause deficiencies in innate immune or stress responses. Experiments are in progress using honeybee kinome analyses to investigate these possibilities in individual bees from inbred colony lines showing varying degrees of resistance and susceptibility to Varroa. Additionally, the ability of the proposed phosphorylation-associated biomarkers of Varroa mite susceptibility should be evaluated in large-scale investigations of honeybees representing a spectrum of susceptibilities. The ability of these markers to effectively discriminate and predict this important phenotype within the context of naturally occurring variance will be important for determining the value of these markers. Ultimately, a methodology for using specific, targeted subsets of the peptide array probes (just 5–10 of them) to identify Varroa resistant and susceptible phenotypes needs to be developed.
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Most proteins are regulated by posttranslational modifications and changes in these modifications contribute to evolutionary changes as well as to human diseases. Phosphorylation of serines, threonines, and tyrosines are the most common modifications identified to date in eukaryotic proteomes. While the mode of action and the function of most phosphorylation sites remain unknown, functional studies have shown that phosphorylation affects protein stability, localization and ability to interact. Two broad modes of action have been described for protein phosphorylation. The first mode corresponds to the canonical and qualitative view whereby single phosphorylation sites act as molecular switches that either turn on or off specific protein functions through direct or allosteric effects. The second mode is more akin to a rheostat than a switch. In this case, a group of phosphorylation sites in a given protein region contributes collectively to the modification of the protein, irrespective of the precise position of individual sites, through an aggregate property. Here we discuss these two types of regulation and examine how they affect the rate and patterns of protein phosphorylation evolution. We describe how the evolution of clusters of phosphorylation sites can be studied under the framework of complex traits evolution and stabilizing selection.
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INTRODUCTION

The rate of discovery of new protein forms is increasing with the growing sensitivity of biochemical, analytical and bioinformatics tools (Smith et al., 2013). We now contemplate the idea that a large fraction of biological diversity originates in mechanisms that regulate protein expression and functions posttranscriptionally and posttranslationally. Among the major sources of posttranslational regulation and cellular complexity are posttranslational modifications (PTMs; Jensen, 2006), which are additions of peptides, chemical groups or other complex molecules to proteins that modify their activity, stability, degradation, localization, and ability to interact ( Sprang et al., 1988; Madeo et al., 1998; Vazquez et al., 2000; Khmelinskii et al., 2009). Hundreds of such modifications have been reported in the literature and some of these appear to be playing dominant roles, at least in terms of occurrence. Protein phosphorylation on serines, threonines, and tyrosines dominates by an order of magnitude the number of experimental PTMs recorded in common databases (Khoury et al., 2011; Lu et al., 2013). This domination likely derives from biases resulting from the long historical interest for protein phosphorylation (Cohen, 1982), from the more advanced state of experimental identification methods for these PTMs and also for biological reasons, for instance because of the large number of protein kinases in eukaryotic genomes that can perform the necessary enzymatic reactions. The impact of protein phosphorylation on the regulation and deregulation of protein functions in human diseases such as Alzheimer’s disease (Grundke-Iqbal et al., 1986; Alonso et al., 1996), and the numerous gains and losses of phosphorylation in cancer cells (Reimand and Bader, 2013; Reimand et al., 2013) suggest that it plays a major role in proteome regulation and in complex cellular phenotypes. For these reasons, there has been much interest in the recent years for understanding how these PTMs evolve (Moses and Landry, 2010). However, the study of phosphorylation site evolution has met several difficulties that derive from the complex mapping between PTMs and protein functions.

MOLECULAR MECHANISMS OF PROTEIN REGULATION BY PHOSPHORYLATION

Phosphorylation sites play roles in allosteric and orthosteric regulation of proteins (Nussinov et al., 2012). Allosteric regulation acts through long-distances and involves a conformational change of the protein, while orthosteric regulation occurs at the active site of an enzyme or at the interface between a protein and another molecule. The study of protein phosphorylation has been historically centered on the role of individual phosphorylation sites. Indeed, a single phosphorylation site may have dramatic effects in regulating protein functions. For instance, the phosphorylation of tyrosine 527 on the protein kinase and oncogene Src inactivates the protein through the interaction of this modified residue with its SH2 domain, which closes the kinase into an inactive conformation (Frame, 2002). Because single phosphorylation sites in specific cases play key roles in protein regulation, mutations at these sites may have complex organismal phenotypes. For instance, mutation of Ser47 on the Drosophila circadian clock protein PER modifies its interactions with other circadian proteins and lengthens adult locomotor activity from 24 to 31 h (Blau, 2008; Chiu et al., 2008). It has become clear that the simplistic view of one phosphorylation site – one function cannot be generalized to all phosphosites. Proteins are often multi phosphorylated and the different sites may affect each other’s functions (Cohen, 2000).

Multisite phosphorylation is the premise of more complex types of regulation, for instance concerted regulation and modular regulation (reviewed in Salazar and Hofer, 2007). In the first case, all phosphorylation sites on a protein regulate one or more protein functions in a concerted manner (Figure 1). In the second case, groups of phosphorylation sites are organized into modules of multiple sites found in a short distance in a particular domain or disordered region of a protein and each cluster regulates a particular and independent function. Each of the mechanisms described above has its own complexity in terms of effects on the protein and the dynamics of activation, and may thus affect the evolution of these sites (Figure 1). It is important to note that these mechanisms are not mutually exclusive. They are typically combined with various types of logic to encode patterns of substrate protein activity. For example, phosphorylation of some sites might “prime” (or increase the probability of phosphorylation) of other sites within the same region through the binding of other proteins that enhance the efficiency of the kinase (Cohen, 2000; Koivomagi et al., 2013; McGrath et al., 2013). In other cases, several sequential regulatory steps have been shown to be required for protein function (Yuan et al., 2002).


[image: image]

FIGURE 1. The relationship between site phosphorylation, localization and protein functions determines how much conservation is expected among species under purifying or stabilizing selection. (A) Toy examples of phosphorylation sites (indicated as “P”s) and cluster of sites and how they may affect protein functions individually or collectively. Phosphorylation sites regulate three putative functions A, B, C. The aggregate function of phosphorylation sites affects the fitness function of the protein and thus determines how many possible equivalent genotypes may give rise to equivalent functions or fitness. Only few possible examples are shown to illustrate the complex relationships expected and their impact on the evolution of phosphorylation profiles and many more are possible. (B) Shows a possible fitness landscape for CDK inhibition of Ste5. Ste5 inhibition is proportional to the charge (twice the number of phosphorylated residues) in the disordered region surrounding the PM domain. Evolutionary changes that create CDK consensus sites ([ST]-P) will increase the strength of the inhibition, while changes that destroy consensus sites will reduce the strength of inhibition. The stabilizing selection model suggests that as long as the total strength of inhibition is within an acceptable range, the exact number and location of phosphorylation sites will drift nearly neutrally. A sequence alignment of the disordered regions surrounding the PM domain of Ste5 from S. cerevisiae and related yeasts is shown on the right. During evolution consensus sites are gained and lost (+ [ST]-P or - [ST]-P) on the phylogenetic tree, leading to a large diversity in number and location of phosphorylation sites in this region.



Multisite phosphorylation is associated with complex dynamic responses in signaling cascades. The number of sites being phosphorylated and their chronological order of modification can lead to graded or switch-like responses (Figure 1), depending on several parameters such as enzyme and substrate concentrations, binding parameters and the kinase/phosphatase processivity (Salazar and Hofer, 2007). One example of graded response involves the enhancement of p53 binding to CREB-binding protein (CBP). The p53 transactivation domain mediates the interaction with CBP and HDM2. Phosphorylation of Thr18 in this domain regulates the qualitative binding (on/off) of HDM2. However, the binding to CBP is regulated in a graded manner, with phosphorylation events contributing additively to the binding energy of p53 to CBP (Lee et al., 2010). Accordingly, it is the sum of the effect that provides an appropriate function to the sites. Another recent example of aggregate effect comes from the circadian rhythm protein FRQ in Neurospora, which has more than 100 phosphorylation sites. It was recently demonstrated that the phosphorylation of FRQ is progressive and leads to a buildup of charge in one region of the protein that eventually leads to its degradation (Menet and Rosbash, 2011; Querfurth et al., 2011). A similar mechanism was found to control membrane association of Ste5 in the yeast mating pathway (Serber and Ferrell, 2007). The feature of interest here is that each phosphorylation site does not have a precise role but rather contributes to an aggregate property. The aggregate property was demonstrated experimentally in only few cases but clusters of phosphorylation sites are so abundant in proteomes that a large fraction of proteins could be regulated this way. Large-scale studies have indeed found that phosphorylation sites tend to localize in dense clusters of serines and threonines, which often tend to be phosphorylated by the same kinases (Moses et al., 2007a; Schweiger and Linial, 2010), supporting the hypothesis that a fraction of phosphorylation sites could regulate protein functions in a concerted way rather than acting as individual switches. However, these large-scale datasets need to be interpreted with caution. As it is the case for single phosphorylation sites (see below), clusters of phosphorylation sites could also appear as a result of non-functional phosphorylation. The tendency of phosphorylation sites to cluster could in this case result from the fact that regions accessible to protein kinases are not randomly distributed and form cluster of accessible sites that are susceptible to these phosphorylation events.

EVOLUTION OF PHOSPHORYLATION SITES

The observation that a large fraction of proteins are posttranslationally modified led to the hypothesis that changes in PTM may contribute to a large fraction of phenotypic variation within species and divergence among species (Moses and Landry, 2010). Many studies have thus examined the conservation and divergence of PTMs, particularly phosphorylation sites. Given the diversity of molecular functions that can be regulated by phosphorylation sites either individually, or when they are found in a multi-site phosphorylated protein, it is expected that their patterns of evolution would also be diverse. For example, in the classical paradigm where a single phosphorylation event leads to a conformation change that alters enzyme activity (Cohen, 1982), one predicts that the phosphorylation site and its position are conserved by purifying selection, as long as the regulation of that enzyme activity is important. Indeed, some well-characterized examples are highly conserved sites over evolution (Rittenhouse et al., 1986; Landry et al., 2009; Tan et al., 2009; Beltrao et al., 2012). However, surprisingly, other well-characterized phosphorylation sites that regulate enzyme activity are not conserved (Hwang and Fletterick, 1986; Landry et al., 2009; Boulais et al., 2010; Nguyen Ba and Moses, 2010; Freschi et al., 2011, 2014; Levy et al., 2012) suggesting that regulation of those enzymes is not critical, or that other mechanisms exist that make phosphorylation sites and their positions unessential. While the phenotypic consequences of the changes in individual sites among species is still mostly unknown – with a few spectacular exceptions (Lynch et al., 2011) – the estimates of the relative rate of phosphorylation site evolution based on large samples led to some challenging conclusions. Some studies concluded that phosphorylation sites are generally under strong evolutionary constraints, i.e., that they evolve much slower than non-modified residues (e.g., Gray and Kumar, 2011), while others estimated that the average constraint imposed on proteins by their phosphorylation is relatively weak (e.g., Landry et al., 2009; studies reviewed in Levy et al., 2012).

Beyond the fact that variation in the different methods and datasets may contribute to some of the disagreements in estimating phosphorylation site conservation, much of the debate comes from the fact that some authors focused their attention on cases where purifying selection is strong whereas others focused on cases where there is no or little purifying selection. On the first hand, in cases where phosphorylation is known to play an important role in regulating the protein, phosphorylation sites are often strongly conserved as predicted (Landry et al., 2009; Nguyen Ba and Moses, 2010; Beltrao et al., 2012). On the other hand, the more challenging observation is that large numbers of uncharacterized sites are poorly conserved among species. There are several possible reasons why sites would evolve quickly. The first is that databases reporting large-scale data on phosphorylation may be populated with a significant fraction of false-positive identifications, i.e., sites that are not actually phosphorylated in cells. Although this limitation contributes little to our understanding of the evolution of phosphorylation sites, it will be an important challenge to be addressed by investigators developing instruments and analytical tools. Another possible scenario is that the rate of evolution is elevated because a significant fraction of sites are species-specific, i.e., they have evolved only recently by directional selection and tests of conservation among species reject the hypothesis that they are under evolutionary constraint. While this hypothesis is of biological interest, there is currently very little data supporting this possibility (but see Jensen et al., 2006; Kim and Hahn, 2011; Lynch et al., 2011), at least not on a scale that would affect significantly the results of analyses performed on thousands of phosphorylation sites.

One other possible mechanism that would explain why many phosphorylation sites evolve as non-modified residues would be that they provide no function to the protein, i.e., they result from non-functional encounters between kinases and their substrates (Lienhard, 2008; Landry et al., 2009). Because kinases are highly processive enzymes and their recognition motifs are highly degenerate (Ubersax and Ferrell, 2007), many collisions between kinases and proteins may result in the inconsequential phosphorylation of residues. This cause is obviously extremely difficult to demonstrate because it is almost impossible to show that some trait or molecular feature has no function, as it is impossible to test all possible parameters that could reveal its role experimentally. However, there are lines of evidence that support this model. For instance, bona fide functional phosphorylation sites are more conserved than the ones for which no evidence is available (Landry et al., 2009; Nguyen Ba and Moses, 2010; Freschi et al., 2014). In addition, the relative rate of phosphorylation site conservation decreases with protein abundance and increases with the stoichiometry of phosphorylation, another observation consistent with a model by which the prevalence of non-functional phosphorylation increases with protein abundance, due to the increased probability of encounters between kinases and other proteins (Levy et al., 2012). However, this observation is also consistent with a higher rate of false positive phosphorylation sites being identified in mass spectrometry studies for high abundance proteins. We note that two of these explanations (false positives, non-functional encounters) posit no or limited biological significance to poorly conserved phosphorylation sites, whereas species specific directional selection would indicate great biological significance for these sites. A final possible explanation for the elevated rate of evolution of phosphorylation site is the rapid turnover of sites caused by the weak constraint on their localization on the protein. This is the case that we consider further here, where rapidly evolving phosphorylation sites do have biological functions, but function is not strongly dependent on each individual site, as discussed above in Section “Molecular Mechanisms of Protein Regulation by Phosphorylation.”

STABILIZING SELECTION ACTING ON CLUSTERS OF PHOSPHORYLATION SITES

The turnover of phosphorylation sites found in clusters of sites is an appealing hypothesis to explain at least a fraction of rapidly evolving phosphorylation sites (Landry et al., 2009). Indeed, a large fraction of phosphorylation sites are overrepresented in disordered regions of proteins where they occur in clusters of several juxtaposed sites (Moses et al., 2007a; Landry et al., 2009; Schweiger and Linial, 2010) and could act as groups rather than individual sites as described in Section “Molecular Mechanisms of Protein Regulation by Phosphorylation”(Figure 1). Sites could be gained and lost within a given region with limited effect on the overall function, but contributing to an increased rate of evolution if one considers sites individually. Different clusters could also play similar roles and diverging species could lose and gain these clusters without any significant change in function (Drury and Diﬄey, 2009). This model, which represents a previously undescribed form of “stabilizing selection” (Burger and Lande, 1994; Charlesworth, 2013a,b), suggests that clusters of sites rather than the sites themselves are the functional unit. This model leads to several predictions that can be tested using existing data: (i) protein functions regulated by phosphorylation should be preserved despite the fact that phosphorylation sites move positions; (ii) phosphorylated residues that occur in clusters should evolve faster because any change in position would be identified as an evolutionary modification; (iii) the number rather than the position of phosphorylation sites within clusters should be preserved over evolution; (iv) sites that are gained and lost between orthologs proteins should be gained and lost within these clusters. While there are no clear experimental data supporting most of these predictions, there are several observations that are consistent with them.

Observations supporting the first prediction come from proteins involved in DNA replication that are regulated by cyclin dependent kinases (CDKs). These proteins show conserved regulation in animals and fungi but diverge in the position and number of clusters of CDK phosphorylation sites, suggesting that functions may be preserved despite changes in phosphorylation patterns (Moses et al., 2007b). Additional evidence comes from the large-scale study of CDK-dependent sites in budding yeasts where it was suggested that phosphorylation sites present in the model species but absent in closely related species could in fact be present in these other species but at other positions (Holt et al., 2009). The second prediction has been tested by (Nguyen Ba and Moses, 2010) who examined whether gains and losses of phosphorylation sites were more permissive in proteins with a high number of phosphorylation sites but no significant evidence was found against the null hypothesis. Evidence supporting predictions (iii) and (iv) comes from the analysis of yeast and mammalian phosphoproteomes. In the first case, it was shown that despite the low rate of phosphorylation site conservation (here the phosphorylation status of the proteins was compared between species or between paralogs), the actual number of phosphorylation sites tended to be maintained over evolution between homologous proteins (Freschi et al., 2011) or group of proteins (Beltrao et al., 2009). Similarly, orthologs of bona fide targets of protein kinases were found to contain conserved clusters of phosphorylation sites, often with little amino acid sequence conservation (Lai et al., 2012). Finally, it was shown that birth and death of phosphorylation sites in proteins tended to be clustered in space (Freschi et al., 2011, 2014), supporting the last prediction of the model.

More work will be needed along these lines to test whether the stabilizing selection model can apply to clusters of phosphorylation sites. Under this model, a phosphorylation cluster would be considered as a quantitative trait where selection does not act on a particular site but rather on the number or density of sites. In this model, each site represents a single locus that contributes to a “complex trait.” Deviation from the trait optimum is associated with a fitness cost that would increase or decrease following a given function (see, e.g., Charlesworth, 2013a) when phosphorylation sites are added or removed by mutations in this region (Figure 1). As mutation-selection-drift equilibrium is reached after a long divergence time, there will be a large diversity of “genotypes” that encode the trait. Even if the optimal trait value is the same in all species, if the number of phosphorylation sites (loci) that contribute to the trait is large, a minimal level of conservation will be observed for the actual phosphorylation sites. For example, CDK-mediated inhibition of Ste5 membrane localization is mediated by 8 phosphorylation sites in S. cerevisiae (Figure 1; Serber and Ferrell, 2007; Strickfaden et al., 2007). The strength of the inhibition is proportional to the net charge of the Ste5 PM domain after phosphorylation by CDKs. In evolutionary terms, the net charge of the PM domain is a quantitative trait whose value simply doubles the sum of the CDK phosphorylation sites in the PM domain. If a mutation occurs at a phosphorylation site, and renders it unphosphorylatable, the net charge of the PM domain will decrease by 2. On the other hand, if a mutation creates a new phosphorylation site (by adding a serine or threonine followed by a proline) in this region, the value of the trait will increase by 2. Assuming that there are several values of the trait that are compatible with functional inhibition by CDK, the PM domain will be free to drift in sequence space through any “genotype” that has enough phosphorylation sites to retain function. At mutation-selection-drift equilibrium, a large number of genotypes will coexist (Figure 1), corresponding to different positions and numbers of phosphorylation sites in the PM domain. This stabilizing selection model has been applied to explain the rapid evolution of transcription factor binding sites in highly conserved developmental enhancers in drosophila (Ludwig et al., 2000). In one recent simulation study, clusters of transcription factor binding sites were shown to evolve spontaneously simply because there are a much larger number of genotypes with many binding sites that encode the trait than “simple” genotypes with few binding sites (He et al., 2012). Whether this type of model can explain the origin of phosphorylation site clusters is currently a promising open research question.

CONCLUSION

Given the current knowledge on the function of clusters of phosphorylation sites, there is a need for the development of new evolutionary models or adaptation of existing ones that take into account the fuzziness of phosphorylation site position and density. Although to our knowledge the stabilizing selection model has not been explicitly applied to the evolution of phosphorylation sites, the distribution of kinase site consensus matches in the absence of selection has been calculated (Lai et al., 2012). This represents a neutral null hypothesis for the evolution of phosphorylation site clusters. Deviations from this model were exploited to predict substrates for several protein kinases because orthologs of bona fide substrates contain more matches to the phosphorylation site consensus than expected in the absence of selection. Knowledge on kinase recognition motifs can thus be exploited to examine the neutral evolution of phosphorylation sites and thus to derive null hypothesis regarding their evolution.

The study of protein phosphorylation will also need more experimental studies on the function of cluster of phosphorylation sites in order to learn the general principles by which their aggregate properties emerge from their combination. This will allow for instance to estimate the relationship between the number of sites, their density and positions, and protein function and organismal fitness. Most evolutionary studies performed so far, with few exceptions (Landry et al., 2009), rely on comparative data among species and not on within species polymorphisms. Detailed analysis of within species variation coupled with functional studies could help estimate the distribution of genotypes under selection-mutation-drift equilibrium for given clusters of sites. Above all, the adaptation of more complex models to the evolution of PTMs will provide a better global picture of the evolutionary forces acting on phosphoproteomes. At the same time, these models will have the potential to contribute to biochemical studies whereby evolutionary observations will guide experimental investigators in studying the code of phosphorylation site regulation.
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Bees (n = 20/group) were sampled in September 2010 (see Figure 1A). Viruses
were detected using 30 cycles of amplification in GRFPCR, and amplified prod-
ucts were visualized by agarose gel electrophoresis. Specific primer pairs were
used to detect deformed wing virus (DWV), Israeli acute paralysis virus (IAPV),
and Kashmir bee virus (KBV).
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Biological process RNA metabolic process G0:0016070 5 1 099 4 0,067
mRNA metabolic process G0:0016071 5 1 099 4 0.067
Nerve growth factor receptor signaling GO:0048011 7 7 0028 0 1
Positive regulation of apoptotic process G0:0043065 5 5 0082 0 1
Peptidyk-serine phosphorylatio GO:0018105 7 2 099 5 0.069

Molecular function Phosphortransferase activity GO:0016772 15 12 0087 3 0978
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RNA binding G0:0003723 5 1 099 4 0.067
DNA binding G0:0003677 7 2 099 5 0.069
Kinase activity GO:0016301 1 6 097 8 0.094

see the caption and footnote of Table 2.
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Subsets of peptides were determined that best differentiated susceptible and
resistant dark-eyed pupae. For selected subsets,  statistical test (Trost et al.,
2013b) was used to determine whether those peptides could discriminate
between the two phenotypes better than would be expected by chance. The first
column of the table contains the size of the peptide subset, while the second
column contains the P-value associated with this statistical test.
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Biological process Transport 60:0006810 4 0 1 4 0081
Innate immune response 60:0045087 27 9 0945 18 0098
Cell cycle G0:0007049 9 1 099 8 003
DNA repair GO:0006281 5 0 1 5 004
Mitotic cell cycle G0:0000278 5 0 1 5 004
Glycolysis G0:0006096 7 6 0031 1 099
Phosphatidylinositol-mediated signaling G0:0048015 4 4 0039 0 1
Multicellular organismal development 60:0007275 6 5 0064 1 0992
Cellular component Nucleoplasm GO:0005654 22 7 095 15 0.106
Plasma membrane GO:0005886 30 17 0099 13 094
Golgi apparatus GO:0005794 8 1 099 7 005
Integral to membrane G0:0016021 8 6 0.081 2 098
Basolateral plasma membrane G0:0016323 4 4 0038 0 1
Molecular function ATPase activity GO:0016887 4 0 1 4 0081
RANA binding G0:0003723 4 0 1 4 0081
RNA pol. l transcription factor activity G0:0003705 4 4 0038 0 1
GTP binding G0:0005525 6 5 0064 1 0992

For details, see the caption and footnote of Table 2.
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Category Name D 1 2 3 4 5

Biological process Cell cycle arrest G0:0007050 5 5 0.040 0 1
Response to peptide hormone stimulus G0:0043434 4 4 0078 0 1
ATP biosynthetic process G0:0008754 4 0 1 4 003
Positive regulation of neuron apoptosis 60:0043525 a 0 1 4 003
Cytoskeleton organization G0:0007010 6 1 099 5 005

Cellular component Cell surface G0:0009986 7 6 0.082 1 0.98
Golgi apparatus G0O:0005794 7 1 0.99 6 0.02
Plasma membrane GO:0005886 33 1 0.96 19 004

Based on levels of differential expression or phosphorylation, InnateDB (Lynn et al., 2008) can predict upregulated or downregulated pathways that are consistent
with the experimentel data. Pathways are assigned a Pvalue based on the number of proteins present for a particular pathway. The numbered columns are as follows:
1, total genes uploaded for that pathway; 2, number of genes up-phosphorylated; 3, Pvalue for up-phosphorylation; 4, number of genes down-phosphorylated; 5,

P-value for down-phosphorylation.
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Parameter pS935 pS1292
Present in cells YES YES
Change after in vitro NO CHANGE INCREASE
autophosphorylation

Change after cellular DECREASE DECREASE
kinase inhibition

N1437H vs. WT / HIGHER
R1441C/G vs. WT LOWER HIGHER
Y1699C vs. WT LOWER SIMILAR
G2019S vs. WT NO CHANGE HIGHER
120207 vs. WT LOWER HIGHER
G2385R vs. WT LOWER LOWER
Regulation IKK, PP1, +tbd AutoR, +tbd
Physiological role 14-3-3 binding, Putative role in neurite

subcellular localization

length regulation

Indicated is the regulation of phosphorylation levels at these sites by
autophosphorylation, cellular kinase inhibition, or disease mutants. AutoFR,
autophosphorylation; tbd, to be discovered.
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S356 Saito etal. (1995), Chen etal. (2008), Gong etal. (2004)
Martin etal. (2009)
S396 Liu etal. (2005), Liu etal. (2005) Saito etal. (1995), Bennecib etal. (2000), ~ Gong etal. (2004), Liu etal. (2005)
Rahman etal. (2005) Liu etal. (2005), Rahman etal. (2006)
$404  Liu etal. (2005) Saito etal. (1995), Liu etal. (2005), Saito etal. (1995), Bennecib etal. (2000), ~ Gong etal. (2004), Liu etal. (2005)
Chen etal. (2008) Liu etal. (2005), Rahman etal. (2006)
S409 Liu etal. (2005) Liu etal. (2005) Saito etal. (1995), Bennecib etal. (2000),  Liu etal. (2005)
Liu etal. (2005), Rahman etal. (2006)
S$422 Rahman etal. (2005) Saito etal. (1995), Bennecib etal. (2000), ~ Gong etal. (2004)

Rahman etal. (2006)

References of reports showing activity of phosphatases per phosphorylation site mentioned in the first cell of each table row are given in the column of the

corresponding phosphatase class. See text for a list of reviews discussing non-phosphatase tau phosphorylation regulators.





OPS/images/fgene-05-00115/fgene-05-00115-g006.gif
Lr——

@b er
Fsphus ndapon

Sridoe

@

e

Sty

i Gaparimen

e Cho

T "ﬁmmumm






OPS/images/fgene-05-00115/fgene-05-00115-g005.gif
pronn e sic —pecw @
5 sc e . L
oo F
S0l
W0t “ 1
s = - frenan
o] e
= B w2
Ty
V610
o f - -
™ -
2] - - o] [
o ol
PIeN21 ]
® -
= o B
SnpoporpppresTi o]
Gha2 N
Ny ]

T





OPS/images/fgene-05-00115/fgene-05-00115-g004.gif





OPS/images/fgene-05-00115/fgene-05-00115-g003.gif





OPS/images/fgene-05-00115/fgene-05-00115-g002.gif





OPS/images/fgene-05-00115/fgene-05-00115-g001.gif
RTK)

TR
Pk
fok
o
foser A
- %PMR&
e
acn

RAS

RAF

T~
/«.
\

Pl
oyhzs’

Node
Signaling protein
0 Phenotypic readout
Pre
Pop
RS

Edge
Downegulation
—3siNAoligos
23RNA oligos
T SRNA oligo
Up-reguiation
— 35RNAoligos
29RNA algos
1 SRNA oligo






OPS/images/fgene-05-00382/fgene-05-00382-t001.jpg
Site Identified phosphatase Comments, references

S129 PP2A In vitro incubation with PP2A [catalytic subunit Ca (PPP2CA), regulatory subunit Ba (PPP2R2A)] dephosphorylates
a-syn $129 better than with B'a (PPP2R5A), B'y (PPP2REC), or B” (PPP2R3A). Knockdown of PPP2CA or PPP2R2A
increases a-syn $129 phosphorylation (Lee etal., 2011).
PPP2R1A siRNA mediated knockdown of PPP2R1A (Protein phosphatase 2 (formerly 2A), regulatory subunit A,
alpha isoform) reported to decrease a-syn S129 phosphorylation levels in neuroblastoma derived cells
(Henderson-Smith etal., 2013).

PTPRA SiIRNA mediated knockdown of PPP3R1 (Protein tyrosine phosphatase, receptor type, A) reported to decrease a-syn
$129 phosphorylation levels in neuroblastoma derived cells (Henderson-Smith etal., 2013).
PPP3R1 siRNA mediated knockdown of PPP3R1 (Protein phosphatase 3 (formerly 2B), regulatory subunit B, alpha isoform)

found to increase a-syn $129 phosphorylation levels in neuroblastoma derived cells (Henderson-Smith etal., 2013).

See text for references to reviews discussing a-syn kinases.
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Method

name

Scansite

Scansite 2.0

Predikin 1.0

NetphosK

GPS

KinasePhos
10

PPSP

pkaPS

KinasePhos
20

NetworkIN

NetPhorest

PhoScan

MetaPredPS

GPS 2.0

CRPhos.

Phos3D

Musite

GPS 2.1

PrediKin

RegPhos

ConDens

PKIS

RegPhos 2.0

phos_pred

Approach

PSSM

PSSM

Structural

Actificial Neural
Network

BLOSUMB2
similarity +
Markov Clustering

HMM

Bayesian

Structural

Clusterbased

Sym

Actificial Neural
Network/PSSM +
PPIN context

Actificial Neural
Network/PSSM

PSSM

MetaPredictor

Structural with
HMM-based
kinase
identification

Optimized
BLOSUMG2
similarity

Conditional
Random Fields

SVM using
structural
information

SVM

Optimized
BLOSUM62
similarity

Structural with
HMM-based
kinase
identification

SVM + PPl +
subcellular
localization

Conservation of
Local Motif
Density

SVM

SVM + PPl +
subcellular
localization

svm

Random Forest

Training data

oPL
experimental
data

oPL
experimental
data

PhosphoBase

PhosphoBase

phosphoELM

PhosphoBase
+ SwissProt

phosphoELM

phosphoELM

phosphoELM
+ MitoCheck

phosphoELM
+ SwissProt

phosphoELM

phosphoELM

phosphoELM

phosphoELM
+ PhosphoSite
+ SwissProt

phosphoELM

+ SwissProt

phosphoELM

phosphoELM

phosphoELM

phosphoELM
+ SwissProt +
PhosphoPep +
PhosphAt

phodphoELM

phosphoELM
+ SwissProt

dbPTM

No need for
training
dataset

phosphoELM

dbPTM

phosphoELM

phosphoELM

References

Yaffe etal.,
2001

Obenauer
etal, 2003

Brinkworth
etal, 2003

Blom etal.,
2004

Zhou etal.,
2004

Huang etal.,
2005

Xue etal
2006

Neuberger
etal, 2007

Moses etal.,
2007
Wong et al.,

2007

Linding etal.,
2007

Miller etal.,
2008

Lietal, 2008

Wan etal.,
2008

Saunders
etal, 2008

Xue etal.,
2008

Dang etal.,
2008

Durek etal.,
2009

Gao etal.
2010

Xue etal.,
20m

Ellis and
Kobe, 2011

Lee etal.
201

Laietal,
2012

Zouetal,
2013

Huang etal,
2014

Xuetal
2014

Fanetal,
2014

Website Benchmark Number of

scansite.mitedu  nr*

scansite3mit.  nr
edu

o

cos.dtu.dk/ YES
services/
NetPhosk/

http://gps. YES
biocuckoo.org/

kinasephos.mbe.  Partial
nctu.edu.tw/

bioinformatics.  YES
Ied-ustc.org/PPSP

mendel.imp. YES
univie.ac.at/
sat/pkaPS

YES

http://
KinasePhos2.
mbe.nctu.edu.tw/

networkininfo  YES.

netphorestinfo  YES.

http://bicinfo.au.
tsinghua.edu.cn/
phoscan/

http://MetaPred.  YES
umn.edu/
MetaPredPS/

http:/jpredikin.  YES
biosci.ug.edu.au/

httpi/gps. Yes
biocuckoo.org/
htp:fwww. Yes
ptools.ua.ac.be/
CRPhos

htip/phos3d.  YES
mpimp-golm.
mpg.de/

http://musite. YES
sourceforge.net/

htp:/igps. Partial
biocuckoo.org/

http:/jpredikin.  YES
biosci.ug.edu.au/

http:/fregphos.  Partial
mbe.nctu.edu.tw/

http:/fwww. YES
moseslab.csb.
utoronto.ca/andyl/

YES

uste.edu.cn/pkis/

http:/jcsb.cse.yzu.
edu.tw/
RegPhos2/

YES
http:/foioinformaticsYES

ustc.edu.cniphos_
pred/

kinase
families

62

Al kinases
with
structural
homologs

6

52

18

68

222 kinases

222 kinases

15

Al kinases
with
structural
homologs

70

13in 6
organisms

70

Al kinases
with
structural
homologs

ca. 100

Al kinases
with known
motifs

56

122

Homology
reduction

nr

nr

nr

nr

nr

nr

40-90%

30%

YES

YES

YES

YES

nr

YES

YES

YES

50%

o

o

YES

Does not
apply

YES

nr

70%

YES

Accuracy Cross
validation

nr nr

nr r

Upto70% of o

known

PhosphoBase sites

intop 5%

022-0.61MCC  3old
depending on the
kinase

9189n,850Sp  nr

(PKA)

94,4 Sn, 971 Sp

(Aurora-B)

087 kefold

90.15n 91.7Sp Leave-one-

(PKA) 83.2 Sn out

90.08p (CK2)

93.05n94.1 Sp

(ATM) 92.8 Sn 98.0

Sp (S6K)

95.85n9355p  Neighbor-

(PKA) jacknife

nr r

91 Leave-one-
out

nr YES

0.58-1 AUC YES

Athigh-stringency  nr
cutoffs, ~50% Sn

P 10.99%. Sp At
lowstringency

cutoffs, ~90% Sn

and Sp for CK,

PKA, CK2

086 (CDK) YES
089 (CK2)
085 (PKA)
0.78 (PKC)

0.86-0.88 AUC (S/T) 10-fold
0.66-0.76 AUC (Y)

8318n950S8p  Leave-one-
(PKA) out

100.0 Sn 94.0 Sp

(ATM) 78.0Sn 95.2

Sp (CDC2) 54.0 Sn

95.3 Sp (Sre)

093 AUC (CK2) kefold
0.96 AUC (PKA)
097 AUC (CDK)
091 AUC (PKC)

073 (Ser kinases)  YES
0.69 (Thr kinases)
0.67 (Tyr kinases)

1.7-855 $n, kefold
99.9-90.0 Sp (PKA)
6.1-83.6 Sn,

99.9-90.0 Sp (CK2)
09-81.9Sn,

99.9-90.0 Sp (MAPK)

70.73 as average on nr
aset of kinase
families

0.86-0.88 AUC (S/T) nr
0.66-0.76 AUC (Y)

but lower Frobenius
distance for PWMs

877 (PKC) sfold

2.1 (PIKK)

92.8 (COK)

919 (INSR)

079 AUC Does not
apply

13.9.5n 976 Sp Leave-one-
(Erk2) out
13.55n 973 Sp

(p38a)

60.7Sn (0.1 Sp

(CK2 @)

37550933 Sp

(CDC2)

373 $n99.8 Sp

(PKCa)

45.05n93.0 Sp

(SYK)

40.0Sn 974 Sp

(LCK)

23.55n 94.6 Sp

(FYN)

or e

or 10-fold

68.1-83.4 Sn, e
99.1-97.2 Sp (CK2a)
68.9-82.2Sn,
100-95.6 Sp
(GSK3B)

715-83.5 Sn,
99.1-983 Sp
(MAPK1)
83.8-88.0Sn,
99.1-98.3 Sp
(MAPK3) etc.

The methods that are currently available for predicting kinase-specific phosphorylation. ni, not reported. *Impossible to benchmark, because no other methods were
available at that time.
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Protein name Method Type of induced change upon Specific outcome of phosphorylation Reference
phosphorylation

Short peptide with serine-proline  AMD Cisftrans isomerization of proline  Favors a helix formation Hamelberg etal. (2005)

motifs

NFAT regulatory domain 8D, CGAMH Conformational change Blocks an access to the nuclear localization signaling ~ Shen etal. (2005)

Na*/K*-ATPase

H3 histone tail in complex with HP1
Smooth muscle myosin regulatory
light chain

cSrekinase

Collagen domain protein Shc and
Epidermal growth factor receptor
(EGFR)

Myelin Basic Protein (MBP)

H3 histone tail, checkpoint kinase 1
(Chk1), protein kinase C (PKC)

Extracellular signal-regulated
kinases (ERK)

MD, electrophysiology experiments
MD
TR-FRET, MD.

Us MD

MD, MMPBSA

NMR, TFE-titration, MD

NMR, MD

Mutagenesis, experimental catalytic
activity measurement, MD, TMD

Conformational change
Binding affinity change
Conformational change

Conformational change, activity
change

Conformational rearrangement of
domains, binding affinity change

Conformational change, binding
affinity change

Binding affinity change,
phosphorylation cooperativity and
crosstalk

Influence of phosphomutations on
autophosphorylation

sequence
Affects Na* binding site and modulates ion pumping
Destabilizes the complex formation

Shifts conformational equilibrium to an open state

Locks protein in an active conformation

Causes significant rearrangement of protein

domains.

Disfavors formation of amphipathic a-helix, inhibits
MBP membrane interactions

Phosphorylation of H3 tail affects binding of Chk1
and inhibits phosphorylation of neighboring residues

Phosphomimic mutations affect activation through
autophosphorylation and folding of
homodimerization interface

Poulsen etal. (2012)
Papamokos etal. (2012)
Kast etal. (2010)

Meng and Roux (2014)

Suenaga etal. (2009)

Vassall etal. (2013)

Liokatis etal. (2012)

Barr etal. (2011)

MD, molecular dynamics; BD, Brownian dynamics with implicit solvent; AMD, accelerated molecular dynamics; CG AMH, coarse-grain modeling with associative memory Hamiltonian; TR-FRET, time-resolved
fluorescence energy transfer experiments; US MD, umbrella sampling molecular dynamics; TMD, targeted molecular dynamics; MIM-PBSA, molecular mechanics Poisson-Boltzmann surface area method; NMF,
nuclear magnetic resonance spectroscopy.
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Dataset Kinases Compounds Readout

Fabian etal. (2005) 119 20 Ky
Bain etal. (2007) 70-80*% 65 % Activity; ICsg
Fedorov etal. (2007) 60 156 ATm
Bamborough etal. (2008) 203 577 % Control
araman etal. (2008) 317 38 Ky
Posy etal. (2011) 317-402* 21,851 % Control
Davis etal. (2011) 442 72 Ky
iduturu etal. (2011) 353 118 % Control; Kyq
etz etal. (2011) 172 3,858 Ki
Anastassiadis etal. (2011) 300 178 % Activity
Cao etal. (2013) 234 158 % Activity; 1Csg
Sutherland etal. (2013) 100 2,871 ICs0

For each dataset, the number of tested kinases and compounds is reported,
together with the type or provided readout: Ky (dissociation constant), K; (inhibi-
tion constant), % Activity (remaining catalytic activity), % Control (percentage of
kinase bound to the inhibitor compared to a control), ICs¢ (half maximal inhibitory
concentration); ATm (thermal stability shift upon inhibitor binding); *: not all
kinase/inhibitor combinations were tested.
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