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Abstract

:

Signal transduction, the ability of cells to perceive information from the surroundings and alter behavior in response, is an essential property of life. Studies on tyrosine kinase action fundamentally changed our concept of cellular regulation. The induced assembly of subcellular hubs via the recognition of local protein or lipid modifications by modular protein interactions is now a central paradigm in signaling. Such molecular interactions are mediated by specific protein interaction domains. The first such domain identified was the SH2 domain, which was postulated to be a reader capable of finding and binding protein partners displaying phosphorylated tyrosine side chains. The SH3 domain was found to be involved in the formation of stable protein sub-complexes by constitutively attaching to proline-rich surfaces on its binding partners. The SH2 and SH3 domains have thus served as the prototypes for a diverse collection of interaction domains that recognize not only proteins but also lipids, nucleic acids, and small molecules. It has also been found that particular SH2 and SH3 domains themselves might also bind to and rely on lipids to modulate complex assembly. Some lipid-binding properties of SH2 and SH3 domains are reviewed here.
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1. Introduction


Every cell must process information from its environment and appropriately respond to any changes. An understanding the mechanisms that make this possible has long been a goal of biological research. In the three decades since the first reports that modular protein-binding domains interact with plasma membrane receptors and their downstream effectors, it has been established that such domains are involved in almost every corner of signaling in eukaryotes [1]. They allow signaling proteins to assemble into dynamic multiprotein complexes and provide mechanisms to translate one type of intracellular information into other types. For example, they help to convert enzyme-catalyzed chemical modifications of proteins and lipids into alterations in protein–protein interactions and protein subcellular localization [1]. They also drive evolution by providing ways to add new capabilities and connections to existing signaling networks [1].



Sadowski et al. first described a conserved, noncatalytic domain in cytoplasmic protein tyrosine kinases (PTKs), which comprises approximately 100 amino acid residues [2]. Analysis of the v-Fps/Fes cytoplasmic tyrosine kinase identified a region N-terminal to the kinase domain that, while not required for catalytic activity, was involved in the modification of the kinase activity and substrate recognition and was necessary for cellular transformation [2]. This element was termed the Src homology 2 (SH2) domain because this functionally important stretch of amino acids is conserved in Src and Abl tyrosine kinases and similarly positioned next to the kinase (SH1) domain [2]. The SH2 domain was defined as a reader responsible for the regulated assembly of signaling complexes triggered by tyrosine kinases because it binds to tyrosine-phosphorylated partner proteins in a phosphorylation-dependent and sequence-specific manner [3,4,5,6,7].



The cloning of the viral Crk oncogene, which encodes a small nonenzyme protein containing an SH2 domain, revealed a second noncatalytic element, which is also found in Src and Abl kinases [8]. The Src-homology domain 3 (SH3 domain) comprises approximately 60 amino acids and has a key role in signaling [8,9,10]. Once it became clear that the SH2 domain is a modular protein-binding domain, it was logical to investigate whether the SH3 domain had similar roles. Several SH3-binding proteins were identified in a screen using a purified SH3 domain with an expression library [10,11]. The fact that these were obviously signaling proteins suggested that the binding interactions were purposeful [12]. The consensus sites of SH3 attachment were narrowed down to short proline-rich motifs with a PXXP (where X is any amino acid) sequence at their centers [12]. The SH3 domain was the first example of a group of modular protein-binding domains that do not depend on post-translational modifications [13,14]. Such domains act constitutively to facilitate the assembly of dynamic complexes in various contexts. The individual interactions of constitutive binding domains tend to be weak; however, multiple domains can act together to mediate stronger and more stable interactions. Consistent with this concept, many proteins contain several SH3 domains, up to five in some cases [15,16].



The assembly of signaling complexes in different pathways usually occurs at the plasma membrane. Cell membranes are composed of a large number of different lipid molecules with variations in their head group and acyl chain structures. Alterations in local lipid composition also represent information that can be deciphered by lipid-binding domains [17]. Lipid-binding domain research was born with the discovery of protein kinase C (PKC), which led to the identification of conserved regions shared by specific PKC isoforms, now termed C1 and C2 domains, which display specific lipid-binding properties [18,19,20]. Later, a substrate of PKC called pleckstrin was shown to contain a phosphoinositide-binding region which was termed the pleckstrin homology (PH) domain [21]. Studies of structural data on C1, C2, and PH domains eventually led to the identification of additional lipid-binding domains. These individual domains were thereafter scrutinized to understand how they can bind lipids and membranes, translocate to membrane docking sites in the cell, and function to regulate the proteins which bear them. The importance of lipid–protein interactions in signaling is now well established [22].



The distinct protein-binding domains contain consensus amino acid sequences and, in many cases, specific secondary and occasionally tertiary structures. The individual domains within a span of amino acids in specific proteins are thus postulated on the basis of their homologies to consensus amino acid sequences and their folds. On the other hand, there are always disparities in the sequences that might allow further specificity. Moreover, these differences may result in the gain of a new binding ability towards additional ligands or the exchange of the originally defined binding target for others. Nevertheless, there is still a paucity of predictive data for protein-binding domains, meaning that they must be studied in vitro and in cells on an individual basis to characterize their functions. Interestingly, many SH2 domains have been shown to bind lipids in addition to phosphorylated tyrosine motifs. Conversely, some characterized SH3 domains do not recognize the canonical PXXP sequence, but instead bind to other protein motifs or ultimately stick to lipids. (Table 1) The lipid-binding properties of the SH2 and SH3 domains are the focus of this review.




2. Many SH2 Domains Themselves Browse Membrane Lipids besides Tyrosine Phosphorylated Proteins to Find the Matching Partners


Since its discovery, the approximately 100 amino acid-long SH2 domain has been identified in a wide variety of proteins in different eukaryotes, but primarily in metazoans. The human genome encodes 111 different SH2 proteins, including kinases, phosphatases, adaptors, and other signaling molecules with 121 SH2 domains altogether [23]. Structural analysis of a spectrum of SH2 domains and their complexes with tyrosine phosphorylated peptides revealed that SH2 domains have a cassette-like design made of antiparallel β strands flanked by two α helices [24]. Via a cationic binding pocket and a secondary binding site they specifically recognize a phosphorylated tyrosine and a few residues immediately C-terminal to it, respectively [23]. Quantitative analysis showed that SH2 domains bind phosphotyrosine-containing peptides casually with variable affinity [25,26]. Thus, the accuracy of specific protein interactions to support high-fidelity tyrosine kinase signaling must be enhanced by other mechanisms, such as protein compartmentalization, multi-protein complex formation, or phosphotyrosine-independent secondary protein interactions [27,28,29,30,31]. Membrane lipids were suggested to play a role in modulating cellular protein–protein interactions mediated by PTB or PDZ domains [32,33,34,35,36,37]. Early on, a small number of SH2 domains, including those of PI3K and PLC-γ, were reported to bind lipids, either inhibiting or increasing the activity of their parent proteins; however, until recently, the mechanisms, physiological significance, and universality of these findings have remained controversial [38,39,40,41].



The Abl tyrosine kinase SH2 domain was one of the first scrutinized in terms of lipid binding [42]. Abl is encoded by a proto-oncogene and is implicated in the regulation of diverse cellular functions [43]. It has a casual role in transformation and leukemia [44]. Abl is recruited to various subcellular locations, such as the nucleus, cytosol and plasma membrane, suggesting a complex cellular targeting mechanism. Tokonzaba at al. have reported that phosphatidylinositol-4,5-bisphosphate interacts with the Abl SH2 domain via an electrostatic mechanism on a site that overlaps with the phosphotyrosine-binding pocket [42]. According to their observations, R152 in the FLVRES motif is necessary for both phosphotyrosine recognition and for localization to phosphatidylinositol-4,5-bisphosphate-containing liposomes, while R175 is required for phosphoinositide binding. Here, it was speculated that phosphatidylinositol-4,5-bisphosphate interacts with the Abl SH2 domain primarily in the absence of tyrosine phosphorylation of its protein ligands.



Recently, Park at al. published a study in which they thoroughly and systematically investigated the potential roles of lipids in regulating SH2 domain-mediated protein–protein interactions and cellular signaling activities [45]. Out of the 121 human SH2 domains, they successfully prepared and obtained 75 in amounts sufficient for biophysical studies, in which a primordial yeast SH2 domain was also included [45]. In surface plasmon resonance analyses, these SH2 domains were tested on lipid vesicles with a composition mimicking the cytosolic surface of the plasma membrane. Three-quarters of the SH2 domains bound the plasma membrane-mimetic vesicles with affinities comparable to that of established lipid-binding proteins: thirteen had Kd values in the micromolar range, and only eight SH2 domains displayed no detectable binding. Eighteen of the SH2 domains with high affinity for plasma membrane-mimetic vesicles were further examined to investigate the possible selectiveness towards different phosphoinositide species [45]. Among these, 12 showed phosphoinositide recognition bias compared with that of the Akt1/PKB PH domain, a canonical phosphoinositide-binding domain. Interestingly, these SH2 domains preferred phosphatidylinositol-4,5-bisphosphate or phosphatidylinositol-3,4,5-trisphosphate over other phosphoinositides. Three representative mCherry-tagged SH2 domains with different phosphoinositide selectivities were studied in vivo using fluorescent microscopy. Consistent with the in vitro data, all three were detected at the plasma membrane. Phosphatidylinositol-4,5-bisphosphate depletion of the plasma membrane significantly displaced the phosphatidylinositol-4,5-bisphosphate-selective and nonselective SH2 domains, but not the phosphatidylinositol-3,4,5-trisphosphate-selective one from the plasma membrane [45]. On the other hand, phosphatidylinositol-3,4,5-trisphosphate enrichment undoubtedly enhanced plasma membrane localization of the phosphatidylinositol-3,4,5-trisphosphate-selective SH2 domain in a specific manner (Figure 1). Phosphoinositide binding by SH2 domains seemed to be mediated by specific recognition of the lipid head-group because they clearly distinguished isoelectric but constitutionally different phosphatidylinositol-bisphosphates in vitro. Electrostatic potential computation showed that many human SH2 domains contain cationic patches near the phosphotyrosine binding pocket (Figure 2). These alternate cationic patches are less electropositive compared with the phosphotyrosine binding pockets, and nearly all of them are flanked by aromatic or hydrophobic amino acid side chains, a construction reminiscent of lipid-binding sites in membrane-binding proteins. Mutational analyses showed that instead of the phosphotyrosine binding pockets, the alternative cationic patches served as the primary binding sites for lipids in most SH2 domains. The location of the alternative cationic patch is highly variable within different SH2 domains. More importantly, the alternative cationic patch may form a pocket/groove or be presented on flat surfaces. Computational analyses suggested that the depth of the alternate cationic patch correlates with its specificity in lipid recognition. Nevertheless, these alternative cationic patches in SH2 domains are noticeably smaller structures compared with the lipid-binding sites of PH domains, suggesting the existence of multiple phosphoinositide recognition mechanisms (Figure 2) [45].



In the above referred work, Park at al. also exemplified the physiological importance of the lipid-binding activities of SH2 domains with PTK6 and ZAP70 [45]. The role of non-specific lipid binding by SH2 domains was illustrated with PTK6, a cytoplasmic tyrosine kinase that is not anchored to the plasma membrane [45]. This kinase is aberrantly expressed in certain human cancers [46]. Active PTK6 is tyrosine autophosphorylated and localized at the plasma membrane where it stimulates Erk5 and Akt/PKB [47]. According to in vitro experiments and predictive data, PTK6 contains an SH2 domain with a presumed non-specific binding site for anionic lipids. The researchers found that mutational destruction of this site reduced PTK6 plasma membrane affinity and localization, tyrosine autophosphorylation, and its ability to induce Erk5 and Akt/PKB phosphorylation.



ZAP70 is a Syk family tyrosine kinase with a central role in T cell antigen receptor signaling [48]. ZAP70 has tandem SH2 domains with which it binds to double tyrosine motifs of TCR-ζ ITAMs, upon which it tyrosine phosphorylates LAT and SLP-76 [49]. Modeling of the ZAP70 SH2 domains suggested that in the C-terminal SH2 domain, K176 and K186 could be involved in selective phosphatidylinositol-3,4,5-trisphosphate recognition, while K206 and K251 might mediate non-specific interactions with anionic membrane lipids. Mutational analyses showed that abrogation of the putative non-specific lipid-binding site resulted in decreased membrane affinity, unaltered phosphatidylinositol-3,4,5-trisphosphate preference, and suppressed signaling ability. On the other hand, elimination of the supposed phosphatidylinositol-3,4,5-trisphosphate-selective binding site decreased membrane affinity and abolished phosphatidylinositol-3,4,5-trisphosphate sensitivity, while it only reduced the signaling competence in the later minutes upon receptor activation. These results suggest that phosphatidylinositol-3,4,5-trisphosphate engagement via the SH2 domain is important for sustained ZAP70 activity but not for activation itself [45].



The SH2 domain of Lck, another key player in TCR signaling, has been dissected by Sheng et al. [50]. Lck is an Src-family protein tyrosine kinase that phosphorylates ITAMs in the CD3 and the ζ chain of the TCR-CD3 complex, thereby contributing to the initiation of TCR signaling [51,52]. The Lck SH2 domain was found to bind anionic lipids with high affinity, albeit with low specificity [50]. Electrostatic potential calculations, NMR analysis, and mutational studies identified a lipid-binding site in the Lck SH2 domain. It is an alternative cationic patch (distinct from the phosphotyrosine binding pocket) that includes K182 and R184 along with surface-exposed aromatic and hydrophobic residues. Mutation of the lipid-binding residues greatly reduced the interaction of Lck with the ζ chain in the activated TCR signaling complex and its overall TCR signaling activities. These results suggest that plasma membrane lipids, such as phosphatidylinositol-4,5-bisphosphate and phosphatidylinositol-3,4,5-trisphosphate, modulate the interaction of Lck with its binding partners in the TCR signaling complex and its TCR signaling activities in a spatiotemporally specific manner through its SH2 domain. In the proposed model, lipids generated by PI3K around the activated TCR-CD3 complex bind to the SH2 domain, thereby helping to maintain the open, i.e., active, conformation of Lck [50].



Based on the results of their previous systematic study on SH2 domain lipid binding, Kim et al. have investigated C1-Ten/Tensin2 [53]. This protein is highly similar in amino acid sequence and domain organization to Tensin [54]. In its C-terminal region, C1-Ten/Tensin2 contains an SH2 domain and a phosphotyrosine binding (PTB) domain, thus providing two potential interaction sites with phosphorylated tyrosine residues. There is also a conserved protein tyrosine phosphatase motif near the N terminus that shows significant structural homology to the tumor suppressor protein PTEN [55]. Wherever it is expressed, C1-Ten/Tensin2 is an accepted negative regulator of the Akt/PKB signal transduction pathway, and it inhibits cell survival, proliferation, and migration [56,57]. However, C1-Ten/Tensin2 seems to be a protein tyrosine, but not a lipid phosphatase, which was demonstrated on the insulin receptor substrate protein IRS-1 [58]. It preferentially dephosphorylates Y612 of IRS-1, which is associated with accelerated IRS-1 degradation. In their study, Kim et al. found that C1-Ten/Tensin2 attenuates IRS-1 phosphorylation in a PI3K-dependent manner [53]. Structural analyses of the C1-Ten/Tensin2 SH2 domain have suggested that it also possesses a distinct cationic patch formed by K1147, K1155, and K1157, which is far from the pY-binding pocket. In vitro mutational analyses have shown that this alternative cationic patch in the SH2 domain can mediate specific recognition of PI3K products, preferentially phosphatidylinositol-3,4,5-trisphosphate, but that it is not involved in interactions with tyrosine-phosphorylated peptides. Fluorescent microscopy studies with wild type and mutant C1-Ten/Tensin2 have not indicated that phosphatidylinositol-3,4,5-trisphosphate recognition by the alternative cationic patch of the SH2 domain could be involved in the plasma membrane targeting of the protein during insulin signaling. The alternative cationic patch has also not been found to be essential for the intrinsic phosphotyrosine phosphatase activity. On the other hand, it has indeed turned out to be important for the insulin-induced phosphotyrosine phosphatase activity of C1-Ten/Tensin2 towards IRS-1. These results show that the recognition of phosphatidylinositol-3,4,5-trisphosphate by the C1-Ten/Tensin2 SH2 domain is essential for the cellular signaling function of the protein. In addition, this finding supports a novel mechanism where the specific SH2 domain-phosphotyrosine recognition is facilitated by the lipid-binding ability of the SH2 domain [53,54,55,56,57,58].



One of the most recent studies on SH2 domain–lipid interactions focused on Vav2 [59], a ubiquitous guanine nucleotide exchange factor for Rho family GTPases that is involved in the regulation of a wide variety of biological processes [60,61]. Via its SH2 domain, Vav2 interacts with many different tyrosine-phosphorylated cell-surface receptors [62]. Ge et al. have reported that the Vav2 SH2 domain can specifically recognize phosphatidylinositol-4,5-bisphosphate and phosphatidylinositol-3,4,5-trisphosphate but binds them weakly [59]. The revealed lipid-binding site in Vav2-SH2 was found to be adjacent to its highly cationic phosphotyrosine binding pocket. However, NMR analysis suggested that the phosphotyrosine binding pocket might not be involved in lipid binding [59]. The lipid-binding site in the SH2 domain of Vav2 is quite similar to that of the Lck SH2 domain. While the Lck SH2 domain contains a key cationic residue (R184) that is involved in its lipid-binding activity, this position is replaced with a hydrophobic residue in Vav2-SH2, which might explain the weaker lipid-binding of Vav2-SH2. Although based solely on in vitro experiments, a physiological role for lipid binding by the Vav2-SH2 domain was also suggested here. Vav2 is known to convey signals from Eph-family receptors. The binding of Vav2 to EphA2 is crucial for EphA2-mediated tumor angiogenesis [63]. Experiments employing tyrosine-phosphorylated peptides derived from the juxtamembrane region of EphA2 showed that Vav-SH2-EphA2 recognition is independent of phosphatidylinositol-4,5-bisphosphate or phosphatidylinositol-3,4,5-trisphosphate binding [59]. The weak phosphatidylinositol-4,5-bisphosphate or phosphatidylinositol-3,4,5-trisphosphate binding ability of Vav2 thus may contribute to its membrane recruitment [59]. Recent molecular dynamic simulations revealed that the proximal juxtamembrane domain along with the EphA2 kinase domain interacts with phosphatidylinositol-4,5-bisphosphate and that both domains induce the formation of phosphatidylinositol-4,5-bisphosphate nanoclusters in the membrane [64,65]. Together, these findings highlight a complex functional cross-talk between EphA2, Vav2, and phosphatidylinositol-4,5-bisphosphate in vivo, which should be investigated further.




3. SH3 Domains Function from Constitutive through Regulated Protein Binding to Lipid Recognition


Among the domains identified so far, the most abundant is the family of SH3 domains, which comprises more than 300 members nested in over 200 proteins in humans [16,66]. The host proteins are involved in diverse signaling pathways, including cell growth regulation, endocytosis, and cytoskeleton control. The canonical SH3 domain is a protein-interaction domain comprising 60 amino acids, consisting of five β-strands connected by loops (RT, N-Src, distal) and a short 310 helix folded together into a β-sandwich of two antiparallel β-sheets [67]. SH3 domains fold to present a hydrophobic binding surface, the PXXP-binding site, adapted for the recognition of left handed proline-rich type II (PPII) helices [12,68]. The ligand-binding surface is relatively flat, and it consists of three shallow depressions, of which two are hydrophobic and defined by one pair of conserved aromatic residues each and one is formed by the RT and N-Src loops and possesses residues that add specificity (Figure 3) [69,70]. For example, in the human c-Src SH3 domain, Y93, Y139, W121, and P136 establish the two hydrophobic areas while D102 defines the specificity zone. In most canonical SH3 domains, the specificity zone is negatively charged and recognizes a positively charged residue located on either side of the PXXP motif, defining the ligand backbone orientation. The PPII helix has three residues per turn, making it practically triangular in cross-section; therefore, the base of this triangle sits on the ligand-binding surface of the SH3 domain. The two hydrophobic areas of the SH3 domain accommodate two hydrophobic-proline (ΦP) dipeptides in register on two adjacent turns of the recognized helix, whereas the specificity zone, in most cases, interacts with a basic residue in the ligand distal to the PXXP core. Due to the pseudo-symmetrical structure of the PPII helix, the PXXP-binding site can recognize proline-rich peptides in both orientations via two different binding modes. Based on peptide-binding preferences, two classes of canonical SH3 domains have been defined [71]. Class I SH3 domains recognize peptides that conform to the consensus motif RXXPXXP in a plus orientation. Class II domains bind to peptides that conform to the consensus PXXPXR in a minus orientation. On the other hand, a growing number of studies have revealed alternative recognition mechanisms [71].



Teyra et al. have comprehensively surveyed the specificity landscape of human SH3 domains in an unbiased manner via peptide-phage display and deep sequencing [72]. Based on approximately 70,000 unique binding peptides, they obtained 154 specificity profiles for 115 SH3 domains, revealing that roughly 50% of SH3 domains exhibit non-canonical specificities (devoid of the PXXP motif) and that they can recognize a wide variety of peptide motifs, most of which were previously unknown. Crystal structures of SH3 domains with two distinct non-canonical specificities revealed novel peptide-binding mechanisms that are mediated by an extended surface outside of the canonical proline-binding site [72].



Although the SH3 domain was originally accepted to mediate inter- and intramolecular protein–protein interactions in a constitutive manner, an accumulating body of evidence suggests more nuanced functions. The phosphorylation state of the tyrosine in the atypical binding motif RKXXY has been shown to regulate their binding interactions, suggesting that peptide recognition by the SH3 domain might be coupled to phosphotyrosine signaling [73]. On the other hand, phosphorylation at different tyrosine residues in SH3 domains themselves has been reported [74]. In several cases, the functional consequences have also been investigated. Merő et al. presented the first crystal structures of tyrosine-phosphorylated human SH3 domains derived from the Abelson-family kinases ABL1 and ABL2 [75]. The structures revealed that simultaneous phosphorylation of Y89 and Y134 in ABL1 or the homologous residues Y116 and Y161 in ABL2 induces only minor structural changes. Instead, the phosphate groups themselves sterically block the ligand-binding surface, thereby strongly inhibiting interactions with proline-rich peptide ligands. Extensive analysis of relevant literature and databases revealed not only that the residues phosphorylated in these model systems are well-conserved in other human SH3 domains, but also that the corresponding tyrosine residues are, in many cases, known phosphorylation sites in vivo. These results suggest that tyrosine phosphorylation of SH3 domains might be a mechanism involved in the regulation of the human SH3 interactome [75].



Interestingly, c-Src, the protein after which the SH domains were named, has been shown to directly bind acidic phospholipids on several sites of the protein [76,77]. While the N-terminal myristoylation site in the SH4 domain accounts for c-Src attachment to neutral membranes, the adjacent region, which contains a patch of basic residues, is responsible for attracting c-Src to phosphatidylserine-containing vesicles via electrostatic interaction. Recently, two additional independent lipid-binding sites have been identified in proximity to this region: one in the so called “Unique” motif and another one in the SH3 domain. The latter site includes residues in the RT and nSrc loops of the SH3 domain and is located on the opposite surface relative to the canonical PXXP-binding groove. Interestingly, the SH3 domain, with its stable fold, seems to act as an intramolecular scaffold for a complex of the SH4 domain and the intrinsically disordered “Unique” motif. The RT loop of the c-Src SH3 domain has been reported to also bind the myristoyl group of the SH4 domain when the protein is not anchored to a lipid membrane. Residues in the “Unique” region modulate this interaction. In the presence of liposomes or supported lipid bilayers, the myristoyl group is released to allow anchoring to the lipid bilayer, although the interaction of the SH4 and SH3 domains and the intramolecular complex is retained. Thus, the SH3 domain moves closer to the membrane surface and its orientation is restricted. The myristoyl group has been suggested to mediate c-Src dimerization via an interaction with the kinase domain. The mutation of amino acids in the kinase domain thought to be part of the myristoyl-binding site affected dimerization, supporting the existence of an additional myristoyl-binding site in the kinase domain. Thus, the myristoyl group can interact with the kinase domain of a second c-Src protein or the same c-Src protein via the SH3 domain, and these two binding events might be linked. These observations together link c-Src activation and membrane anchoring [76,77].



Analyses of some special SH3 domains have revealed that variants of the domain may mediate interactions with lipids rather than with protein sequences. (Table 1) Adhesion and degranulation-promoting adapter protein (ADAP, also known as FYB/SLAP-130) is critically involved in downstream signaling events prompted by activated T cell receptors [78,79]. T cell cytokine production, proliferation, and integrin clustering rely on ADAP function. A 70-residue stretch at the C-terminus of ADAP shows homology to SH3 domains; however, conserved residues are missing. Heuer et al. solved the three-dimensional structure of the ADAP C-terminal domain via NMR spectroscopy and demonstrated that it displays an altered SH3 domain fold [80]. In this case, an N-terminal, amphipathic helix makes extensive contacts to residues of the formal SH3 domain fold, thereby creating a composite surface with distinctive surface properties. This SH3 domain variant was proposed to be classified as a helically extended SH3 domain, or hSH3 domain for short (Figure 3). The ADAP C-terminal hSH3 domain is characterized by a lack of hydrophobic surface depressions. The ADAP hSH3 domain cannot bind conventional proline-rich peptides, and it is characterized by clusters of positively charged surface residues. Heuer et al. further scrutinized the structure and function of this domain [81]. Based on their findings related to these structural features, they investigated the possibility that ADAP hSH3 might interact with non-protein binding partners. The presence of a basic cluster comprising the α-helix and several residues within the SH3 scaffold guided their search for negatively charged molecules that can interact with the ADAP hSH3 domain. They observed that the hSH3 domain can bind to phospholipid membranes and that it has a preference for acidic phospholipids. A lipid overlay assay revealed that the hSH3 domain of ADAP can bind to several acidic lipids, including phosphatidylserine, phosphatidylinositol, phosphatidic acid, and polyphosphoinositides, but not to zwitterionic lipids such as phosphatidylcholine and phosphatidylethanolamine. A construct lacking the N-terminal helix did not exhibit any lipid-binding ability. The binding of the hSH3 domain to membranes containing acidic lipids was modeled via a multilamellar vesicle binding assay. While vesicles composed of a mixture of phosphatidylcholine and acidic lipids (phosphatidylserine and phosphoinositides) sedimented a substantial fraction of the protein, liposomes composed solely of zwitterionic phosphatidylcholine did not sediment hSH3. The results were confirmed via fluorescence resonance energy transfer assays with small, unilamellar vesicles. The affinity constants of hSH3 binding to phosphatidylcholine/phosphatidylserine and phosphatidylcholine/phosphatidylserine/phosphatidylinositol-4,5-bisphosphate vesicles were determined via an intrinsic tryptophan fluorescence-binding assay [81]. Sequence alignments of ADAP suggested that it contains an additional N-terminal hSH3 domain characterized by an amphipathic helix and a positively charged RT loop.



PRAM-1 (promyelocytic-retinoic acid receptor alpha target gene encoding an adaptor molecule-1) is an ADAP homologue that also contains a fragment with the hallmarks of an hSH3 domain [82]. The properties of these three domains were compared [83]. Lipid overlay experiments showed that the ADAP N-terminal hSH3 and the PRAM-1 hSH3 domains can all bind to acidic phospholipids, while zwitterionic lipids such as phosphatidylcholine were not recognized. The strengths of the binding to vesicles containing acidic phospholipids followed the order ADAP hSH3 N-terminal < ADAP-hSH3 C-terminal < PRAM-1 hSH3. These domains all contain an amphipathic helix contacting the β-sheets of the canonical fold. It seems that while hydrophobic interactions are mainly responsible for the helix–sheet interaction, the surface-exposed amino acids of the helix are positively charged and are critical for efficient lipid binding. The RT loops of the lipid-binding hSH3 domains contain additional positively charged amino acids, and the number of net positive charge seems to correlate with the binding affinity of the hSH3 domains towards specific acidic phospholipids. The lipid-binding affinity observed for the hSH3 domain establishes it as low affinity module among the major class of lipid-binding domains, which includes the majority of PH domains. These domains are mostly insufficient to drive membrane localization alone, but are usually parts of larger membrane-proximal protein complexes that are anchored to the membrane via lipid modifications and additional protein–lipid interactions. It is possible that once ADAP is localized to the membrane, lipid binding by the hSH3 domain might alter the tertiary orientation of ADAP and its associated proteins. Functional investigations in Jurkat T cells with mutant ADAP indicated that the deletion of both amphipathic helices of the hSH3 domains reduces the ability of ADAP to enhance adhesion and migration in stimulated T cells [83].



The calcium/calmodulin-dependent serine protein kinase (CASK)-interacting protein 1, or Caskin1, is enriched in neural synapses in mammals and regulates cortical actin filaments [84]. Based on its identified interaction partners and knock-out animal studies, Caskin1 might play various roles in neural function, and it is thought to participate in several pathological processes in the brain [85,86,87,88,89,90,91,92,93]. Caskin1 is a multidomain scaffold protein with a single, atypical SH3 domain in which key aromatic residues are missing from the canonical binding groove [94]. Despite the significance of the Caskin1 scaffold in synaptic information transfer, a physiologic protein partner for the SH3 domain of Caskin1 has not yet been identified. Koprivanacz et al. built a homology model of the SH3 domain of human Caskin1 and studied its biochemical properties in vitro [94]. Their model revealed that some of the key aromatic residues in the c-Src SH3 structure involved in ligand binding are substituted by basic or small hydrophobic residues in the Caskin1 SH3 domain (Figure 3). They hypothesized that this SH3 domain might be incompatible with the binding of proline-rich ligands but that lipids in the plasma membrane might serve as docking sites for the atypical SH3 domain of Caskin1 [94]. Signaling-related lysophospholipid mediators were implicated in this role. Intrinsic tryptophan fluorescence measurements were used to monitor lipid binding by this SH3 domain [94]. It was found that this domain selectively binds to oleoyl lysophosphatidic acid, whereas no binding was observed for the related lipid oleoyl lysophosphatidyl choline, which bears a phosphocholine head-group, as well as for sphingosine-1-phosphate and its precursor sphingosine [94]. Liposomes (as lipid carriers for lysophosphatidic acid) were used to further investigate the recognition of this lipid by the SH3 domain [94]. The interaction between the SH3 domain and lysophosphatidic acid turned out to be weak for monomeric lipid, but exhibits submicromolar affinity for lysophosphatidic acid-containing surfaces, either in micellar or in liposomal form [94]. Nuclear magnetic resonance experiments on the Caskin1 SH3 domain did not reveal any major structural changes upon lysophosphatidic acid addition but instead revealed a discrete set of amino acids that were affected by the binding (Figure 4). In their latest study, the research group presented a nuclear magnetic resonance-solved structure of the human Caskin1 SH3 domain, which validated the lack of a typical peptide binding groove [95]. Importantly, compared with the c-Src SH3 domain, the Y + Y and W + P pairs of the peptide binding pocket are replaced by K + L and R + P, respectively [95]. In addition, some of the negatively charged residues in the RT-loop are missing, while the distal-loop possesses an acidic region comprising D326 and D332 [95]. In the n-Src loop, a repositioning of acidic residues is found. Mapping of the amino acids involved in lysophosphatidic acid binding to the nuclear magnetic resonance structure of the human Caskin1 SH3 domain provided structural evidence that the proline-rich peptide binding groove was indeed missing and demonstrated that lysophosphatidic acid binding involved a domain region distinct from the peptide binding groove generally shared by SH3 domains [95].



The membrane-born lipid mediator lysophosphatidic acid elicits many physiologic responses by acting on cognate G protein-coupled receptors as well as on intracellular target proteins [96]. Lysophospholipids influence the shape of membranes, and lysophosphatidic acid is the most potent inducer of positive membrane curvature [97]. Based on these facts and in vitro data on Caskin1, it might be speculated that the human Caskin1 SH3 domain is a novel lipid-binding domain with preference for the positive membrane curvatures generated by lysophosphatidic acid, supporting a yet unrecognized function of lysophosphatidic acid in intracellular signaling processes [94].




4. Perspectives


The SH2 domain was originally defined as a reader module in signal transduction specialized for the recognition of newly formed phosphotyrosine sites; however, many different pathways employ this matching pair of moieties. Accumulating evidence suggests that additional lipid-binding abilities that vary in distinct SH2 domains nested in individual proteins contribute to specificity in the precise deciphering and translation of cellular information held in altered membrane lipid composition. In this manner, the composition and assembly–disassembly dynamics of a signaling hub formed around a freshly arisen phosphotyrosine are also influenced by lipid second messengers via the SH2 domain.



The SH3 domain is widely accepted as a protein domain that provides stable interactions for the formation of constitutive signaling sub-complexes. However, a handful of SH3 domains have been reported to specialize in lipid recognition instead of protein binding. With little experimental data, it remains to be elucidated whether the lipid-binding ability of SH3 domains is a recent innovation in domain evolution that recycles a structure for extremely specialized functions in niche roles or if it is an as yet overlooked general potential of the SH3 domain.



Additional specific biological responses might be controlled by the lipid-binding properties of some SH2 and SH3 domains, which could support spatiotemporal selection of the appropriate responding signaling protein from the repertoire of possible proteins for a given trigger. Experimental data are needed to address the questions stemming from the observations reviewed here.
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Figure 1. Lipid-binding abilities of some SH2 domains may contribute to spatio-temporal coordination of tyrosine kinase signaling hub dynamics. Alternative cationic patches distinct from the phosphotyrosine-binding pockets serve as the primary binding site for membrane lipids in most SH2 domains attracted to lipids. Phosphatidylinositol-4,5-bisphosphate or phosphatidylinositol-3,4,5-trisphosphate are preferred over other phosphoinositides for binding by these elements. The shape and net charge of the respective alternative cationic patches of specific SH2 domains provide further lipid recognition bias and may guide their host proteins to distinct membrane regions. 
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Figure 2. Visualization of the interacting zones of certain SH2 domains. The cationic patches responsible for lipid binding (blue) in different SH2 domains do not overlap with the pockets employed for specific phosphotyrosine recognition (red). For the generation of the schematic representation of the SH2 domain, we used the RCSB PDB database (www.rcsb.org accessed on 3 May 2021). 
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Figure 3. Comparison of lipid binding SH3 domains. The prototype c-src SH3 domain employs key aromatic (red) and proline (yellow) residues for binding proline-rich motifs of their partner (green). The Caskin SH3 domain traded off the three key aromatic residues for basic (blue) and hydrophobic (white) ones. The hSH3 domain of ADAP features an N-terminal helix (bue) rich in basic amino acids. We used the RCSB PDB database (www.rcsb.org accessed on 3 May 2021) for the source of SH3 domain structure representations. 
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Figure 4. Some SH3 domains are involved in lipid recognition rather than protein binding. Typical SH3 domains accommodate two conserved pairs of aromatic/hydrophobic amino acids in two grooves for the attachment to two prolines in register (PXXP) on the surface of partner proteins. The helically extended SH3 (hSH3) domain identified in ADAP and PRAM-1 nests basic amino acids within an extra N-terminal helix. The composite surface created in the hSH3 domain displays cationic patches and can bind phosphatidylinositol-4,5-bisphosphate or phosphatidylinositol-3,4,5-trisphosphate but not proteins. The Caskin1 SH3 domain exchanged some proline-binding amino acids and lost the two PXXP motif-binding grooves. These changes resulted in a switch from protein to lipid binding ability. The Caskin1 SH3 domain preferentially binds to lysophosphatidic acid, a signaling-borne lipid found in positively charged membrane curvatures. Thus, hSH3 and Caskin1 SH3 domains might guide their host proteins along with their interacting partners to specific membrane sub-domains. 
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Table 1. Overview of the non-conventional, lipid-binding SH2 and SH3 domain-containing proteins discussed throughout the text.
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SH2 Domains with Abilities to Bind Lipids in Addition to Phosphorylated Tyrosine Motifs




	
protein name

	
domain

	
specificity

	
biological relevance




	
Abl—non-receptor tyrosine kinase; proto-oncogene

	
SH2 domain

	
PIP2 interaction

	
mutually exclusive lipid or phosphotyrosine binding




	
PTK6—protein tyrosine kinas-6; EGFR signaling member

	
SH2 domain

	
binding site for anionic lipids

	
activation




	
ZAP70—Syk-related tyrosine kinase; T lymphocyte activation

	
C-terminal SH2 domain

	
PIP3 recognition, interactions with anionic membrane lipids

	
sustained activation




	
Lck—lymphocyte-specific protein tyrosine kinase; key player in initiation of TCR signaling

	
SH2 domain

	
binding of anionic lipids

	
sustained activation




	
C1-Ten/Tensin2—protein tyrosine phosphatase; negative regulator of the Akt/PKB signaling

	
C-terminal SH2 domain

	
preferential binding of PIP3

	
activation and specific targeting on IRS-1




	
Vav2—guanine nucleotide exchange factor for Rho family GTPases

	
SH2 domain

	
weak PIP2 and PIP3 interaction

	
targeting to membrane subdomains




	
Atypical SH3 Domains without Recognition Motifs for Canonical Proline-Rich Structures




	
protein name

	
domain

	
specificity

	
biological relevance




	
ADAP—Adhesion and degranulation-promoting adapter protein

	
N-terminal hSH3 domain

	
binding to acidic phospholipids

	




	
C-terminal hSH3 domain

	
lipid-binding

	
specific orientation within a membrane-proximal protein complex




	
PRAM-1—promyelocytic-retinoic acid receptor alpha target gene encoding an adaptor molecule-1

	
hSH3 domain

	
acidic phospholipid binding

	
specific orientation within a membrane-proximal protein complex




	
Caskin1—calcium/calmodulin-dependent serine protein kinase-interacting protein 1; regulates neural synapses

	
atypical SH3 domain

	
binding to lysophospholipid mediators, especially to lysophosphatidic acid

	
targeting to membrane subdomains
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