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Abstract

:

Members of the human Zyxin family are LIM domain-containing proteins that perform critical cellular functions and are indispensable for cellular integrity. Despite their importance, not much is known about their structure, functions, interactions and dynamics. To provide insights into these, we used a set of in-silico tools and databases and analyzed their amino acid sequence, phylogeny, post-translational modifications, structure-dynamics, molecular interactions, and functions. Our analysis revealed that zyxin members are ohnologs. Presence of a conserved nuclear export signal composed of LxxLxL/LxxxLxL consensus sequence, as well as a possible nuclear localization signal, suggesting that Zyxin family members may have nuclear and cytoplasmic roles. The molecular modeling and structural analysis indicated that Zyxin family LIM domains share similarities with transcriptional regulators and have positively charged electrostatic patches, which may indicate that they have previously unanticipated nucleic acid binding properties. Intrinsic dynamics analysis of Lim domains suggest that only Lim1 has similar internal dynamics properties, unlike Lim2/3. Furthermore, we analyzed protein expression and mutational frequency in various malignancies, as well as mapped protein-protein interaction networks they are involved in. Overall, our comprehensive bioinformatic analysis suggests that these proteins may play important roles in mediating protein-protein and protein-nucleic acid interactions.
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1. Introduction


Zyxin family comprises of LIM-domain containing proteins that play crucial roles in mediating cellular signalling, tumorigenesis and developmental pathways, and have, therefore, been implicated in human disease [1,2,3,4,5]. For example, Zyxin family proteins have been reported to be involved in various cancers including prostate, colorectal, lung, liver and melanoma [6,7,8,9]. Moreover, the founding member of this family, zyxin has recently been identified as a potential biomarker for the aggressive phenotypes of human brain cancer (glioblastoma multiforme), exhibits differential expression levels in melanocytes/melanoma cells and altered phosphorylation in colon cancer, and is found to be associated with poor prognosis in glioma patients [10].



In addition to zyxin, other family members have also been linked to cancer predisposition (see Table 1 for a full list of Zyxin family members). For example, WTIP has a crucial role in cell proliferation and downregulation of WTIP is associated with poor prognosis and survival of non-small-cell lung cancer patients [11]. Interestingly, LIMD1,



Ajuba, and WTIP were discovered as novel mammalian processing body (P-body) components and implicated in novel mechanisms of miRNA-mediated gene silencing [12]. FBLIM1 promotes cell migration and invasion in human glioma by altering the PLC-γ/STAT3 signaling pathway and could be used as a molecular marker for early diagnosis in glioma patients [13]. LPP was required for TGF-β induced cell migration/adhesion dynamics and regulates the invadopodia formation with SHCA adapter protein cooperation [14], and loss of LPP/Etv5/MMP-15 may be implicated in the prognostic marker of lung adenocarcinoma [15].



Although members of the Zyxin family proteins are functionally diverse, playing important roles from cytoskeleton to transcriptional machinery, their domain organization is relatively conserved. They are characterized by the presence of the N-terminal proline-rich region (PRR) and three LIM (Lin-11, Isl-1, and Mec-3) domains, LIM1-3 at their C-terminal region (Figure 1). In general, it is believed that Zyxin family of proteins execute their diverse functions by interacting with cellular proteins via their PRR and Lim domains that serve as the docking sites for binding [1,16,17,18]. However, despite their functional relevance and importance for human disease physiology, many details about the structure, functions and dynamics of Zyxin family members are still missing, thus significantly limiting their utility as key targets. In addition, not much is known about how relatively similar architecture translates into such a wide range of functions.



Here, we address this knowledge gap and provide insights into fundamental questions related to the structure and function of human Zyxin family members. We used various bioinformatics tools to dissect sequence features, phylogeny, post-translational modifications, structure-dynamics, molecular interactions, and functions of these proteins. Our analysis reveals that these proteins are ohnologs and have a conserved nuclear export sequence (NES). Two members also suggests the presence of a potential nuclear localization sequence (NLS), therefore supporting the notion that these proteins shuttle in the cell nucleus. Furthermore, structural homology models of LIM1-3 regions suggest a high similarity with transcription regulators. Analysis of the electrostatic surface potential and DNA binder further support that these LIM domains may engage in nucleic acid-binding. Based on our investigation of structure-dynamic features we propose that differences in protein structure/dynamics, may serve as the key determinants of functional variability in this family. Additionally, analyses of protein expression and mutational frequency in various malignancies, as well as the Zyxin family of protein interactomes, indicate that these proteins may contribute to cancer by regulating metabolic rewiring and oncogene addiction. Collectively, our bioinformatic analysis has important implications for follow-up functional and structural investigations of Zyxin family proteins.




2. Results


2.1. Human Zyxin Family Proteins Exhibit Variations in the Proline-Rich Region and Lim Edges


The amino acid sequence composition of Zyxin family proteins varies considerably. Interestingly, our sequence alignment showed that within Lim domains, the presence of cysteine/histidine/aspartate residues and their spacing is quite uniform (Figure 1 and Supplementary Figure S1A) and follows the LIM domain consensus sequence as reported earlier by Kadrmas & Beckerle [18]. We observed that, as expected, each LIM domain contains a set of four cysteine/histidine residues that in other LIM domains are known to coordinate Zn2+ ions leading to the formation of Zinc finger topology arranged in tandem [18,19]. At the sequence level, we observed the presence of three distinct LIM domains (LIM1-3). Each LIM domain exhibited a high level of conservation among proposed Zn2+ ion coordinating residues, as well as the spacing between these, suggesting a high degree of sequence conservation among Lim domains in members of the Zyxin family (Zyxin, LimD1, Ajuba, LPP, WTIP, FBLIM1, TRIP6) (Supplementary Figure S1A). Moreover, each LIM domain was found to be ~55–65 amino acids long with each finger consisting of ~30 amino acids. Additionally, the sequence analysis revealed that the N-terminal PRR, which is devoid of cysteine/histidine residues, contains repeated unit clusters of 2 to 6 amino acids not seen in the C-terminal LIM domains. The overall sequence length of these Zyxin family members varies substantially from 373 to 676 amino acids, with PRR constituting ~48–69%, and LIM domains occupying ~30–51% of the polypeptide chains (Table 2).



Typically, hydrophobicity is one of the basic determinants of protein’s topology and secondary structure, as well as specific cellular localization [20]. Therefore, we performed a hydrophobic analysis of the human Zyxin family which demonstrated that the LIM1 and LIM2 domains of Zyxin, TRIP6, LimD1, LPP, and Ajuba are more hydrophobic as compared to the LIM3 domain (Supplementary Figure S1B). In the case of FBLIM1 and WTIP, we observed that the hydrophobicity of the LIM2 domain was higher than LIM1 and LIM3 domains. The explicit compositional analysis of hydrophobic amino acids such as isoleucine, valine, leucine, cysteine, methionine, alanine and tryptophan in each Lim region imparts the variable percentage of hydrophobicity. Interestingly, only Lim3 of TRIP6 has one tryptophan which suggests that this Lim might have helix tilting (Supplementary Table S1). Further phylogenetic analysis of the Zyxin family proteins was carried out to understand the relatedness of the human Zyxin family members. The dendrogram presented in Supplementary Figure S2A revealed that the Ajuba evolved independently of all other members, whereas LIMD1 and WTIP evolved as two members from the same ancestral sequence. Thus Ajuba, WTIP, and LIMD1 are the most distant members, whereas all other members are more closely related to each other. Furthermore, based on the evolutionary distance, zyxin appears to be the most divergent member of the Zyxin family. Amino acids sequence alignment of human zyxin protein studies suggested that Zyxin family members are paralogous and could have arisen by gene duplication. In order to explore the gene duplication events and it’s essentiality, we performed ohnologs analysis [21]. We found that zyxin exhibits two ohnolog groups, one encompasses the FBLIM, LPP, TRIP6 and Zyxin; and another one WTIP, Ajuba and LimD1 (Supplementary Table S2). These results suggest that small-scale duplication (SSD) and copy number variation (CNV) are uncommon in Zyxin family members.



Next, we implemented NetNES [22] algorithm to determine whether these proteins feature a nuclear export signal (NES) sequence. Each protein sequence was subjected to the NetNES server, which suggested that all proteins contain NES sequences in their PRR region (Figure 2A). Further analysis revealed that FBLIM1/WTIP/LimD1 and TRIP6/Ajuba display LxxLxL and LxxxLxL consensus sequences, respectively. However, zyxin and LPP have some promiscuity and are composed of LxxxLxxL/LxxLxxL consensus sequences (Figure 2B,C). Furthermore, to investigate if the NES from human Zyxin family proteins is conserved within the vertebrates, we performed another alignment study. First, we performed BLAST analysis using the human zyxin sequence and identified 100 top scoring proteins. Subsequently, we implemented these sequences in multiple alignment functions, identified consensus NES sequences using Jalview and visualized them using WEBLOGO. This process was independently implemented for all members of the Zyxin family, which suggested that the NES sequence is conserved in each protein irrespective of their origin and function, however, the position of NES varies significantly amongst each Zyxin family member (Figure 2A–C). Since many of the Zyxin family proteins have been reported to localize into the nucleus, we also performed the nuclear localization sequence (NLS) analysis using the NLStradamus and observed a clear presence of recognizable NLS sequence within PRR of WTIP and Ajuba (Figure 2D). Further, to validate the specificity of NLS/NES, subcellular localization of each member has been determined and corroborating with Human Protein Atlas. Taken together, the results of the primary sequence analysis revealed a high extent of similarity between Lim domains of Zyxin family members. We observed variability with respect to the hydrophobicity of individual LIM domains within a given protein, as well as some variability in the position of the NES. We were able to identify presence of NLS sequence in two out of seven Zyxin family members.




2.2. Impact of Post-Translational Modifications (PTMs) on the Isoelectric Point (pI) of Zyxin Family Proteins


In order to understand the biophysical properties of the Zyxin family proteins and their LIM domains, we have calculated the pI of the unmodified full-length proteins as well as the LIM domain. We observed that in full-length proteins pI values range from 5.71, for FBLIM1, to 8.52, for WTIP (Table 1). These differences may be functionally important, as FBLIM1 is found exclusively at cell adhesion sites, and pI of 5.71 for this protein supports the fact that many acidic proteins are present in cytosol, cytoskeleton, vacuoles, and lysosomes [23]. On the other hand, WTIP is more basic, is predominantly present in the nucleus. Other Zyxin family proteins such as Zyxin, LimD1, Ajuba, LPP, WTIP, TRIP6 had calculated pI values within a single pI unit, between 6.20 and 7.19. Functionally, these proteins are found in the cell cytoskeleton and nucleus, and these pI values fall well within the range observed for other proteins with similar cellular localization [23,24]. When this analysis was performed for Lim domains only, the pI range narrowed to 5.81 to 7.81 (Table 1).



Next, we investigated the PTM sites of Zyxin family members. The PTM sites we considered were acetylation, mono-methylation, ubiquitylation, and phosphorylation. This analysis indicated that phosphorylation is the predominant PTM for Zyxin family proteins (Table 3). Since the pI has a critical role in protein distribution inside cells and phosphorylation impacts the pI of proteins [24,25], we also analyzed the pI of each Zyxin family proteins once phosphorylated (Supplementary Figure S3 and Table 3). The phosphorylation analysis of Zyxin family proteins by PhosphositePlus [26] indicated that the pI shift varied depending on the number of phosphorylation modifications and affects the pI considerably (Table 3). For example, the pI of zyxin without PTMs is 6.22, while calculated pI values ranged from 3.17 to 6.12, depending on the type of PTM. The most dramatic change was observed for LPP, a Zyxin family member mainly involved in cell motility and gene transcription [27]. LPP was predicted to undergo the drastic range of a pI from 7.18 for unphosphorylated to 2.84 for a completely phosphorylated state with all 83 proposed phosphorylation sites. Interestingly, the FBLIM1, the most acidic of Zyxin family member in non-PTM form, undergoes the least amount of phosphorylation, hence, its pI is not affected drastically (Table 3).



Overall, this analysis suggested that Zyxin family members display differences in their pI values, which are likely linked to their function. Additionally, we predicted that all these proteins may be regulated by different PTMs. The primary PTM of the Zyxin family might be phosphorylation, and we observed a significant impact on pI values as a consequence of phosphorylation.




2.3. Structural Features of Zyxin Family Lim Domains Indicate Their Similarities with Transcription Factors


After exploring the sequence of Zyxin family proteins, we further sought to investigate their structural similarities and dissimilarities. Due to the absence of high-resolution structures of Zyxin family Lim domains, we decided to perform homology modeling for each LIM domain. The modeling was performed using Robetta package and models were generated for all three LIM domains linked together, not individually (see Methods for details). The homology modeling suggested that LIM1-3 adopt a hairpin shape, placing N- and C-terminus into proximity in all members of the family, except for Ajuba and TRIP6 (Figure 3). In the case of TRIP6, both the terminals were positioned diametrically opposite to each other, whereas for Ajuba, the C-terminus is located in the middle, and the N-terminus is present at the opposite end (Figure 3). Model validation using PROCHECK analysis, which employs the Ramachandran plot, suggested that all the residues were in permitted regions and display acceptable stereochemistry (Supplementary Figure S4A) [28]. Absolute quality estimation is another parameter that allows a comparison of the modeled structure with reported PDB structures. The score of comparison is represented via Z-score, where a Z-score in between 0.5 to 1 represents a model that closely resembles an experimentally determined native structure (Supplementary Figure S4B) [29]. Quantitative Model Energy ANalysis (QMEAN) of LIM domain models of Zyxin family proteins provided a Z-score ranging from 0.6–0.7, which is well in the acceptable range of QMEAN Z-score. Thus, the comprehensive model validation performed using PROCHECK and QMEAN analysis suggested that all models have a good quality of stereochemistry as well as nativeness, respectively, making them reliable for further studies.



As LIM domains of zyxin and TRIP6 have been shown to interact with nucleic acids [30], we utilized DNAbinder webserver [31] to investigate if other Zyxin family proteins can bind to nucleic acids as well. DNAbinder trains a Support Vector Machine (SVM) using a database to search for sequence similarity and motif finding approaches to discriminate DNA binding proteins from non-binders. Our analysis indicated that all the members of the Zyxin family have positive SVM scores ranging from 0.11 (LPP) to 1.71 (WTIP), suggesting that all the proteins can potentially interact with DNA (Table 4). Furthermore, we used DALI server [32] to investigate whether Zyxin family proteins are structurally similar to known DNA binding proteins. Our alignment of the homology models of LIM-domains of each Zyxin family protein (Table 5) with known structures from DALI server led to the identification of ~88 structures. Interestingly, the majority of the structures shared only ~15–30 % sequence identity (% id), however, the Z-score values demonstrated high structural similarities with established transcription factors presented in Supplementary Figure S5. The Z-score depicts the similarity between the protein of interest with the proteins from the PDB and the Structural Classification of Proteins (SCOP) databases. Ultimately, the inclusion of both databases helped us to remove biases introduced by size, substructures and divergence, which may result in the server giving false-positive proteins showing similarity [32,33]. Thus, we decided to further study the top six structures with a Z-score >9.4, while exhibiting only 23–28 % sequence identity (Supplementary Figure S5). The highest scoring structure in DALI analysis was a complex of Lmo4 protein and Lim domain (PDB ID: 1RUT) [34], followed by a complex of Lim Only protein 4 (LMO4) and Lim domain-binding protein (LDB1) (PDB ID: 2DFY) [35], the complex of Lim domain from homeobox protein LHX3 and islet-1 (ISL1) (PDB ID: 2RGT) [36], Lim/homeobox protein Lhx4, insulin gene enhancer (ISL2) (PDB ID: 6CME) [37] and an intramolecular as well as the intermolecular complex of Lim domains from homeobox protein LHX3 and islet-1 (ISL1) (PDB ID: 4JCJ) [38] (see Supplementary Figure S5 and Table 5). The highest scorer 1RUT which included Lim domain transcription factor LMO4 (Lim Only) was first identified as a breast cancer autoantigen [39], which works as a transcriptional factor [40] and interacts with tumor suppressor Breast Cancer protein 1 (BRCA1) [41]. The expression of LMO4 is developmentally regulated in the mammary gland and it is known to repress the transcriptional activity of BRCA1 [41]. A common theme observed in all the highest scores protein complexes was that the participating Lim domains were part of transcription factors critical for developmental pathways. The structural similarities of Zyxin Lim domains with various transcriptional regulators suggest it may have a role in nucleic acid binding and its regulation.



To further explore the possibility that Zyxin family members Lim domains bind nucleic acids directly, we used our homologous models and mapped electrostatic surface potential using Adaptive Poisson-Boltzmann Solver (APBS) and Yellow-Red-Blue (YRB) analysis as a strategy to explore whether these structures have positively charged regions and nucleotide hydrophobic regions, respectively (Supplementary Figure S6). It showed that zyxin, Ajuba, LPP and WTIP have higher positive electrostatic patches with hydrophobic regions which suggest that these might be contributing to the nucleic acid-binding.




2.4. Zyxin Family Lim Domains Display Contrasting Dynamics with Large Inter-Domain Motion of Individual Lim1/2/3 Domains


As our homology models indicate, individual Lim domains do not share extensive similarities making it difficult to rationalize the diverse range of functions they exhibit. In addition to structure, the intrinsic dynamics of proteins is an important determinant of function. Therefore, to understand the intrinsic dynamics of Zyxin family LIM domains, we performed NMA (Normal Mode Analysis) and Covariance analysis of LIM domains using iMODS [42]. NMA of Zyxin family LIM domains suggested that all proteins show a pinching motion (Figure 4). In order to make a finer observation of the movement, we performed Covariance analysis, which indicates the variability of correlated, uncorrelated, and anti-correlated motions. The covariance matrix provides information on the fluctuations for C-alpha atoms around their mean positions and coupling between pairs of the residues [43]. Figure 5A presents correlated (red region), uncorrelated (white) and anti-correlated (blue) motions for the Zyxin family LIM domains, which suggests that LIM1 had the most correlated motion across all the members. In contrast, LIM2 domain of all the members displayed varied motion (Figure 5A). We also noticed that LIM3 of Ajuba, LPP and WTIP have similar correlated motions. The Covariance matrix also indicated that TRIP6 has the highest correlated motion whereas Ajuba and WTIP have relatively lower correlated motion. Furthermore, we also observed that Ajuba and WTIP, as well as LPP, LIMD1, and FBLIM have similar motion but Zyxin and TRIP6 have a completely unique motion amongst the Zyxin family proteins (Figure 5A). Next, we employed iMODs for Elastic Network Model (ENM) analysis of Zyxin family LIM domains to identify the pairs of atoms that are connected by springs. The results are depicted by a grayscale graph, where each dot represents one spring between two atom pairs. The degree of greyness for each dot represents the stiffness, dark grey represents stiffer springs and vice versa. LIM1 domains of all the Zyxin family proteins presented higher stiffness as compared to the LIM2 and LIM3 regions (Figure 5B). Note that the stiff grey regions of LIM1 domains also present correlated motions (Figure 5A,B). Overall, we observed that LIM1-3 in all Zyxin family members display “clamping” motion in our NMA suggesting that these large-scale motions may be functionally relevant. However, covariance analysis and ENM analysis revealed variability among the family members, which is broadly in agreement with our expectation that the functional differences may be due to a difference in intrinsic dynamics.




2.5. Mapping of Protein-Protein Interactions of the Zyxin Family Proteins Provides Insights into Their Crucial Role in Cancer Progression


The Zyxin family proteins are functionally diverse, and many of their functions are attributed to their abilities to interact with a wide range of host proteins. Therefore, we decided to map the protein interactome for the Zyxin protein family members using databases such as Genevestigator®, PhosphoSitePlus®, Bioplex [44], GeneMANIA [45], MINT [46], STITCH [47], Signor 2.0 [48] and STRING [49]. First, we used the Genevestigator database that provides information on the protein expression levels in various cancers. As presented in Supplementary Figures S7 and S8, where the x-axis represents the protein expression level, the Zyxin family proteins are upregulated in almost all cancer types, including breast, colon, kidney, liver, and prostate cancers. We next performed a mutation frequency analysis using PhosphoSitePlus® databases, which allowed us to examine the effect of mutated protein on cellular functions, pathologies and diseases [50]. The resultant lollipop plots for each Zyxin family proteins are presented as a function of particular cancer types in Figure 6. These plots suggest Zyxin, LPP, LIMD1, TRIP6, and FBLIM display high levels of mutational frequency in stomach cancer (Figure 6). Similarly, Zyxin, LIMD1 and TRIP6 mutations are linked with endometrial cancer. In the case of lung cancer, LPP displayed the highest amount of mutation frequency. For bladder, kidney and head/neck cancers, proteins TRIP6, WTIP, and Ajuba, respectively, showed the highest mutational frequency.



Using Bioplex, we identified different cytoskeleton and gene regulatory proteins that reflect the co-complex or complex membership interactions with Zyxin family proteins. Zyxin displays complex membership to ENAH/VASP (a cytoskeletal regulatory protein), TANC2 (a scaffold protein in dendritic spine), FHL3 (co-transcriptional activator), Ajuba (gene regulatory protein). Bioplex depicts the co-complex or protein-protein interactions and also the probabilities of association using the HEK293T cell line as a model. Supplementary Figures S9–S14 presents the interacting proteins as prey (green circle) and bait (grey square) and the direction of interaction is represented by the arrow. Interestingly, we observed that the Zyxin family proteins interact amongst themselves as well, with Ajuba being the focal point showing interactions with TRIP6, LIMD1, Zyxin, and LPP. WTIP and FBLIM1, however, do not indicate such interactions. Moreover, zyxin interacts with VASP, FHL3, and TANC2 (Supplementary Figures S9–S14). LimD1 and TRIP6 act more closely to regulate the interaction network amongst themselves. TRIP6 has the most complex interactome compared to other Zyxin family members (Supplementary Figure S14). Alternatively, WTIP displayed less dense interactome consisting of two proteins only (TRIP6 and PPP2R3A). Therefore, it would be interesting to explore more about the interactome of these members. It is important to point out that these interactions observed implicate the Zyxin family members to be part of many different protein complexes and cannot be essentially termed as direct protein-protein interactions.



Next, we performed physical association, co-expression, and pathway analysis for the Zyxin family proteins using GeneMANIA, which manifested the involvement of each Zyxin family protein as a critical player that could alter the signaling pathways (Figure 7). Zyxin, LimD1, and Ajuba demonstrated more physical interactions as compared to WTIP, LPP, and FBLIM1. Moreover, zyxin, FBLIM1, Ajuba, and TRIP6 indicated higher degrees of co-localization/co-expression with other proteins. LPP demonstrated a direct and indirect co-expression with many genes, particularly TAGLN, CNN1, and SMTN (Figure 7). Using this pathway analysis, we found that zyxin could be linked with NOLC1 (Nucleolar and coiled-body phosphoprotein 1), which facilitates ribosomal processing and modifications [51]. Pathway analysis also suggested that zyxin, FBLIM and LPP interact with VASP, indicating their similar roles or compensatory nature where the absence of one of the proteins can be compensated by another protein of the same family. Pathway analysis by OmniPath identified the role of Zyxin in the AKT and IL7R pathways (Supplementary Figure S15), which was further supported by the Signor analysis, which found that Akt phosphorylates Zyxin on Ser142 and regulates apoptosis [52].



We have also used STITCH (Search Tool for Interactions of Chemicals), STRING (Search Tool for Retrieval of Interacting Genes/Proteins) and MINT (Molecular INTeraction database) databases to mine the protein-protein interactions of the Zyxin family proteins (Supplementary Figure S15 and Table 6). In MINT analysis, it has been found that zyxin interacts with Human papillomavirus type 6, JUN, HIPK3, NEK4 and NS1. In addition to nuclear accumulation, zyxin known to perform as transcriptional activator when co-transfected with HPV E6 [53]. Zyxin also has association with HIPK3, which a critical modulator of cell migration [54]. STITCH database provides information on interacting partners of a protein of interest, which could, in turn, provide a further understanding of their molecular/cellular functions [47]. On the other hand, the STRING database provides enhanced coverage of protein associations with functional genome-wide discoveries [49]. Upon performing the STITCH/STRING analysis, we observed that zyxin interacts with BCAR1 (Breast cancer anti-estrogen resistance protein 1), which coordinates tyrosine kinase-based signaling [55,56].





3. Discussion


In this work, we report the results of a comprehensive bioinformatic analysis of the human Zyxin family proteins. We performed primary sequence analysis, homology modeling, analysis of protein dynamics and interactions. The multiple sequence alignment of LIM domains suggested that although key Zn2+ ion coordinating ligands and the spacing between them seems to be relatively conserved, the overall sequence conservation, including the hydrophobic residues is relatively low (Supplementary Figure S1). This is in agreement with subsequent hydrophobic analysis, which revealed that the LIM domains have different hydrophobicity levels (Figure 1C). The explicit compositional analysis of hydrophobic amino acids indicated the variable percentage of hydrophobicity (Supplementary Table S1). The presence of tryptophan in the only Lim3 of TRIP6 has intrigued further to Lim domain functions, because tryptophan plays an important role in hydrophobic-hydrophilic interfaces, hydrophobic mismatch and helix tilting, and has the importance in the binding of other non-proteinaceous biomolecules [57,58]. Such differential hydrophobicity in LIM domains could be linked to their distinct properties, structures, and functions, despite them sharing conserved zinc-finger organization. Furthermore, the calculated pI values suggested the presence of two main clusters of Zyxin family proteins, those with pI lower than 7.5 (Zyxin, TRIP6, LimD1, and LPP) and those with pI value higher than 7.5 (FBLIM1 and WTIP). Overall, these findings are consistent with the bimodal distribution of acidic and basic proteins which in turn is correlated with the subcellular localization and cellular niches [23].



PTMs are major regulators of protein function and, in many cases, the presence of PTMs changes the properties of the target protein. Our analysis indicated the presence of many phosphorylation sites, which are located in the PRR of all the proteins (Supplementary Figure S3 and Table 3) and the influence of the extent of phosphorylation on the pI. Therefore, these results suggest that phosphorylation, and the changes in pI it generates, may be linked with protein cellular localization and functional differences, as observed in other systems [59] (Alende, Nielsen et al. 2011).



Zyxin family members appear to be paralogous and might have arisen by gene duplication events. Ohnolog analysis indicated that Zyxin family proteins are retained during 2-rounds of whole-genome duplication events (2-WGD) which suggests its essentiality to vertebrates. Ohnologs were about 30% protein-coding genes that are retained from two rounds of genome duplication (2R-WGD) events [60]. Ohnologs were known to be involved in gene enrichment and dosage compensation, and it is retained in vertebrates due to its essentiality and associated with dosage imbalance diseases such as down syndrome and cancer [21,60]. Another feature that could have a major impact on the intracellular localization of the Zyxin family members is the presence of the NES and/or NLS sequence. We demonstrate that the consensus sequences are present in all of the Zyxin family proteins irrespective of their reported function and localization (Figure 2A–C). The NES consensus sequence we identified, and their frequency of occurrence are in good agreement with the available report that suggests that out of all the NES containing proteins, 75% have LxxLxL, 11% have LxxxLxL and 15% of proteins do not comply with either of these consensus sequences [22]. We also analyzed the primary sequences of the Zyxin family for the presence of an NLS (Figure 2D). Here, our analysis identified a consensus NLS in only two (out of seven) proteins analyzed suggesting that further studies are needed to better understand Zyxin family members cellular distribution (localization) at a more molecular level and mechanistic level. We would also like to stress that our phylogenetic and NES analysis supports the hypothesis that the Zyxin family proteins are evolved from a common ancestor and have retained the NES sequence, and diversification in these proteins resulted in the emergence/shift of functions from the nuclear roles to cytoskeletal properties [61].



Previous work has suggested that Lim domains can serve as a protein-binding interface and also interact with nucleic acids [17,18,19,30,62,63,64,65,66]. Recent studies of Zyxin family proteins in which they were involved in transcriptional regulation and miRNA -mediated gene silencing [12,67]. For example, zyxin is reported to regulate mRNA levels of embryonic stem cells and forms ternary complexes with transcription factors (Gli 1, Zic1) [67,68]. Our homology modeling yielded structural models of sufficient quality to enable additional analysis, including broad structural alignment that identified transcription factors as most closely structural related proteins to Zyxin family members (Figure 3, Supplementary Figure S4A,B and S5). These results prompted us to hypothesize that Zyxin family members could bind nucleic acids, primarily DNA. We probed this question further by making the electrostatic surface potential onto homology models, which revealed that 5 out 7 models contain a positively charged surface patch suggestive of nucleic acid binding capacity (Supplementary Figure S6).



An additional observation we made upon inspecting our homology models is that Zyxin family of proteins LIM1-3 domains are relatively structurally similar leading us to examine whether well-documented functional differences are mostly due to differences in intrinsic dynamic, rather than structure. Our analysis of correlated motions, which are important for processes like allosteric regulation, catalysis, ligand binding, and protein folding [69,70,71,72], revealed that LIM1 displayed correlated motion, therefore suggesting that LIM1 domains will exhibit a higher propensity for binding towards its binding partner (Figure 5). However, the Lim3 region of each protein shows more anti-correlated motion. These transformations in the covariance matrix of Lim domains reflect the differences in the internal structural dynamics of the Zyxin family proteins, and these dynamic behaviours could confer diverse functions to each Zyxin family member as well as each LIM regions. Similarly, stiffness of the protein was investigated using ENM. The observations made for stiffness were in corroboration with the covariance analysis: the stretches that showed the highest correlated motion also showed a high degree of stiffness (Figure 5A,B).



Lastly, we observed that Zyxin family proteins are upregulated and have a high mutational frequency in a variety of cancers (Figure 6 and Supplementary Figures S7 and S8), in agreement with the large amount of literature that suggests their involvement. Our protein-protein interaction (PPI) analysis generated a closer view of the PPIs that these proteins are involved in. The results of PPI analysis show that each family member establishes a different (function-dependent) network of interaction partners. In some cases, individual interaction networks include other Zyxin family members, and feature a diverse range of partners. For example, zyxin interacts with HPV E6 type (a viral protein) and HIPK3 (a kinase involves in cell signaling) (Table 6). On the other hand, the WTIP PPI network was limited to only two interaction partners, including a Zyxin family protein TRIP6. These PPI networks could provide new insights into the functional diversity of the Zyxin protein family. For example, the interaction of Zyxin with NOLC1 (Nucleolar and coiled-body phosphoprotein 1) and BCAR1 (Breast cancer anti-estrogen resistance protein 1) suggest a novel role of zyxin in ribosomal processing and in tyrosine kinase-based signaling, respectively (Figure 7, Supplementary Figures S9–S15). Additionally, we observed that many of the interacting partners play a role in the rewiring of the cancer metabolism and contributing to oncogene addiction, which has important implications for understanding the role these proteins play in cancer. Going forward, these PPI networks are likely to reveal additional relationships and connections that justify future follow up studies.



From a broader perspective, our bioinformatic study yields new insights into an incompletely understood family of LIM-domain containing proteins, the Zyxin family. Our results clearly indicate that these proteins can function in a variety of ways from mediating protein-protein interaction to potentially serving as nucleic acid-binding platforms. Additional work will be required to fully investigate these emerging aspects of this family of proteins. Given the demonstrated link to human disease, we expect that the current and any future efforts will open opportunities for therapeutic development.




4. Materials and Methods


4.1. Sequence, Amino Acid Composition, Phylogeny, and Basic Biochemical Analysis


All the human Zyxin family (Zyxin, LimD1, Ajuba, LPP, WTIP, FBLIM1, TRIP6) sequences were retrieved from the UniProt database as outlined in Table 1 [73]. Amino acid sequence alignments were performed using MUltiple Sequence Comparison by Log-Expectation (MUSCLE) which also offers identification of critical amino acid residues [74]. Sequence PSI-BLAST (Position-Specific Iterative Basic Local Alignment Search Tool) was performed to find distant evolutionary related proteins. For the phylogenetic analysis, Zyxin family sequences were subjected to Clustal W [75], the output was then imported into Jalview [76] and a tree was generated through neighbour joining using a BLOSUM62 [77]. Ohnologs analysis was performed using OHNOLOGS v2. It is a comprehensive database for the genes which are retained from 2R-WGD and 3R-WGD. Ohnologs families for Homo sapiens from 2R WGD and the criterion was used for q-score for outgroup <0.01 OR q-score for self synteny <0.01. NES prediction analysis was performed using NetNES [22] which calculates the scores from the Hidden Markov Model and Artificial Neural Network. To determine the consensus sequence, conserved Leucine-rich NES signal analyzed from NetNES [22] aligned by MUSCLE [78] and logo was generated using WEBLOGO [79]. NetNES of each member of the Zyxin family was performed using pBLAST and aligned file were subjected to WEBLOGO [79]. NLStradamus webserver was used for Nuclear Localization Sequence (NLS) search [80]. The sequence of each protein was imported on the NLStradamus and the NLS prediction was run on default parameters with prediction cut-off set at a recommended value of 0.6. The conservation of predicted sequences was analysed using MultAlin [81]. ProtParam was used to calculate amino acid composition and basic biochemical characteristics [82]. We used the program ProtScale to perform hydrophobicity analysis [82]. Furthermore, PhosphoSitePlus v6.5.9.1 was used to calculate the number of phosphorylation modification sites as well as to determine the isoelectric point in the different phosphorylated states [26].




4.2. Structure Modeling, Validation and Alignment of Zyxin Family Lim Domains


Zyxin family Lim domain amino acid sequence was retrieved from UniProtKB [73], as UniProt IDs detailed in Table 1 were utilized to build homology models using the Rosetta server [83]. The Robetta server performs the comparative modeling with the available structure using BLAST, PSI-BLAST, and 3D-Jury packages or employs de novo modeling approaches using the de novo Rosetta fragment insertion method [83]. Next, all the Lim domain models of Zyxin family proteins were validated by SWISS-MODEL workspace [84,85] encompassing the Anolea, DFire, QMEAN, Gromos, DSSP, Promotif, and ProCheck packages. Structure alignment of Zyxin family Lim domains was performed by the Dali server [32,86]. DNAbinders was used to identify potential DNA binding proteins [31]. In this, we implemented the analysis using amino acid composition mode, the webserver performed a PSI-BLAST analysis against a database containing DNA binding and non-binding proteins (1153 for each case). The SVM scoring was performed against a threshold of 0, with the resultant SVM indicating if the protein interacts with DNA or not. The negative SVM values suggest non-DNA binders whereas proteins with positive SVM scores are DNA binders. Adaptive Poisson-Boltzmann Solver (APBS) electrostatics surface potential calculations were performed using APBS plugin in Pymol [87].



Normal Mode Analysis (NMA), Elastic Network Modeling and Covariance Analysis


NMA and Covariance analyses were performed using the iMODS server using default settings [42]. After structure submission in PDB format or PDB ID, iMODS calculates the lowest frequency modes (normal mode represents the biological motions) in internal coordinates of a single/trajectories structure. This server calculates the lowest frequency normal modes in internal coordinates and utilizes the improved faster NMA calculations by implementing the iterative Krylov-subspace method [88]. iMODS also provides motion representations with a vector field, deformation analysis, eigenvalues, and covariance maps. It also has an affine model-based arrow representation of the dynamic regions [42]. Furthermore, the iMODS server also helps us understand how correlated the motion of residues in the protein is as well as how flexible the movement of each residue is under the NMA.





4.3. Protein-Protein Interactions of Zyxin Family Proteins


To explore the interactome of the Zyxin family proteins, we have used Bioplex explorer (Bioplex 3.0) [44]. Protein-protein interactions define the involvement of the desired protein in a particular pathway that would help to map the pathogenic network. We have utilized the Pharos database to extract the role of Lim domains in cancer and autoimmune diseases [89]. Pharos interface provides the collective information of the query protein by extracting the information from other databases, particularly in a disease context. Pharos is helpful in browsing the relevant information of the desired target in a systematic manner [89]. To get the information about the signaling pathways influenced by the Zyxin family proteins, we have used OmniPath [90] and Signor 2.0 [48] programs. We also used Genemania [45] that provides insights into protein-protein, protein-DNA and genetic interactions, pathways, gene and protein expression data, protein domains, and phenotypic screening profiles. We also explored the experimentally determined and predicted protein-protein interactions using the STRING database [49]. Next, we performed an analysis of the chemical and protein interactions using the program STITCH [47]. We also utilized the Molecular INTeraction database (MINT) database to identify the interactions mediated by the Zyxin family members [46]. MINT focuses on experimentally determined protein-protein interactions mined from the available literature. Next, we used GENEVESTIGATOR to analyze transcriptomic expression data from repositories [91]. The collection of gene expression data from different samples (tissue, disease, treatment, or genetic background) with graphics and visualization tools [91].



For the summary of methods and servers, please refer to Supplementary Table S3.
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Figure 1. Organization of domains and motifs of Zyxin family proteins: the proline-rich region (PRR) and Lim1/2/3 domains. (NES = Nuclear export sequence, NLS = Nuclear localization Sequence, ZyM = Zyxin motif). 






Figure 1. Organization of domains and motifs of Zyxin family proteins: the proline-rich region (PRR) and Lim1/2/3 domains. (NES = Nuclear export sequence, NLS = Nuclear localization Sequence, ZyM = Zyxin motif).



[image: Ijms 22 02647 g001]







[image: Ijms 22 02647 g002 550] 





Figure 2. (A) The nuclear export sequences (NES) of Zyxin family proteins. To investigate the conservation of NES in proteins from other organisms, we aligned the human protein sequence using BLAST against the non-redundant protein sequence database. The resultant sequences obtained from BLAST were subjected to multiple sequence alignment, presented using WEBLOGO (B) The NES sequence for each protein was identified through the NetNES webserver, and the sequences were aligned using MultAlin. (C) WEBLOGO was used to investigate the conservation of residues in the sequences, which suggested the presence of signature LxxLxL/LxxxLxL, (L = L/V/I/F/M; x = any amino acid) repeat, in NES sequence across all the members of Zyxin family except zyxin and LPP which showed LxxxLxxL/LxxLxxL consensus sequence. (D) The nuclear localization sequence (NLS) for the Zyxin family members was fetched by the NLStradamus webserver with a prediction cut-off set at a recommended value of 0.6. The conservation of predicted sequences was analysed using MulitAlin. 
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Figure 3. Structures of Lim domains of the Zyxin family proteins. The structures were generated using comparative/homology modeling in Robetta server. Robetta server generates structure using structures identified by BLAST and PSI-BLAST using PDB database, the regions of the protein that could not be modeled using BLAST are modeled de-novo using Rosetta fragment insertion method. For each model, the N- and C-terminal are depicted in blue and red, respectively. All models were validated using PROCHECK and SWISS-MODEL workspace; and the structures with the highest Z-score are presented in Supplementary Figure S4. 
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Figure 4. Normal mode analysis (NMA) of Zyxin family Lim domain proteins. The NMA for each protein model was performed using the iMODS server under default settings. The motion of each domain is indicated by the arrows arising in the direction of motion. Additionally, the models are coloured based on NMA mobility of each structure, where the mobility is represented using a colour spectrum (blue represents the lowest mobility whereas red represents the highest mobility, and intermediate mobility is indicated by interim colours, blue>green>yellow>red). Interestingly, the direction of motion of all proteins is such that the distal ends of the protein move in the direction towards each other producing a motion that resembles clamping. 
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Figure 5. (A) Covariance analysis of the Zyxin family LIM domains. Covariance analysis was performed to understand the correlated movement of protein residues in the secondary structure which can shed light on the function of the protein. Each panel represents the covariance matrix for each member of the Zyxin family, in the matrix correlated motion is depicted as red, anti-correlated as blue, and uncorrelated as a white dot. High levels of correlated motions were observed in case of Lim1 domains of all protein proteins, varied amount of motion was observed in case of Lim2 with the highest in TRIP6, again Lim3 showed a similar kind of motion in all proteins. Proteins with similar localization and function demonstrated similarity in motion. For example, Ajuba, LIMD1, and WTIP displayed relatively similar covariance matrix of Lim3 domain these proteins are localized at the same site and constitute P-Body components, primarily perform gene regulation and mediate miRNA silencing. LPP and FBLIM1 showed similar correlated, uncorrelated and anticorrelated motions in Lim1/2/3, and both proteins involved mainly in cell shape maintenance; supporting the fact that similar dynamics may have similar localization and functions, each Lim region has its own characteristic features and believed to perform functions independently. (B) The linking matrix of the Elastic network model demonstrates the stiffness of the springs connecting the corresponding pair of atoms. The dots are coloured as a function of their stiffness, darker colours reflect stiffer springs. Interestingly all proteins showed a similar kind of stiffness except TRIP6. 
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Figure 6. Mutational frequency profiles of the Zyxin family proteins with different cancer malignancies. All proteins exhibit a considerable amount of mutational frequency which varied for each member. The highest mutation frequency was observed for Ajuba and the lowest was observed for LIMD1. 
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Figure 7. Pathway analysis by GeneMANIA. GeneMANIA highlighted the pathways that each protein member interacts within a cell. This helped us identify various proteins that interact with the query protein (A) Zyxin, (B) LimD1, (C) WTIP, (D) FBLIM, (E) AJUBA, (F) LPP and (G) TRIP6 . The connections are shown by blue lines, the width of each line represents the degree of interaction through weighted representation. The thicker line represents more interaction and vice versa. 
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Table 1. List of Zyxin family proteins containing LIM domain, their functions and biochemical properties.
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Protein (UNIPROT ID)

	
Cellular Role *

	
Cellular

Localization

	
Isoelectric Point 1

	
Amino Acids/

Molecular Weight (kDa) 1




	
Full

Protein

	
LIM DoMain

	
Full Protein

	
LIM Domain






	
Zyxin (Q15942)

	
Adhesion plague protein, signal transducer

	
Cytoskeleton, cytosol and nucleus

	
6.22

	
7.16

	
572/61.27

	
189/21.10




	
LimD1 (Q9UGP4)

	
Cell fate determination and a tumour suppressor

	
Predominantly in nucleus, P- body

	
6.20

	
5.90

	
676/72.19

	
195/21.87




	
Ajuba (Q96IF1)

	
Cell fate determination and repression of gene transcription

	
Cell membrane, cytoskeleton, centrosome, nucleus, P- body

	
6.86

	
5.81

	
538/56.93

	
195/21.87




	
LPP

(Q93052)

	
Maintains cell shape, motility, and activation of gene transcription

	
Cell membrane and nucleus

	
7.18

	
6.78

	
612/65.74

	
190/21.15




	
WTIP (A6NIX2)

	
Cell fate determination, repression of gene transcription, and miRNA-mediated gene silencing

	
Nucleus, P- body

	
8.53

	
7.50

	
430/45.12

	
195/21.80




	
FBLIM1 (Q8WUP2)

	
Cell-ECM adhesion proteins and filamin-containing actin filaments

	
Focal adhesion sites

	
5.71

	
7.79

	
373/40.66

	
190/21.70




	
TRIP6 (Q15654)

	
Relays signals from the cell surface to the nucleus

	
Focal adhesion sites, cytoplasm, nucleus

	
7.19

	
6.06

	
476/50.28

	
188/20.49








* = Information retrieved from UniprotKB; 1 = Calculated using ProtParam.
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Table 2. Percentage composition of Proline Rich Region (PRR) and LIM domain in the full-length proteins.






Table 2. Percentage composition of Proline Rich Region (PRR) and LIM domain in the full-length proteins.





	Protein

(Uniprot ID)
	Percentage of PRR vs.

Full Length *
	Percentage of Lim Domain vs. Full Length *





	Zyxin (Q15942)
	66.9%
	33.1%



	LimD1 (Q9UGP4)
	69.3%
	30.7%



	Ajuba (Q96IF1)
	62.8%
	37.2%



	LPP (Q93052)
	67.4%
	32.6%



	WTIP (A6NIX2)
	51.6%
	48.4%



	FBLIM1 (Q8WUP2)
	48.2%
	51.8%



	TRIP6 (Q15654)
	58.4%
	41.6%







* = Calculated by considering full length (all amino acids) as a 100% of the respective protein. PRR = Proline Rich Repeat.
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Table 3. Effect of post-translational modifications on isoelectric point of Zyxin family proteins.
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Protein

	
pI

	
Number of Sites for PTM




	
Native 1

	
Post PTM *,2

	
Phosphorylation

	
Acety-

Lation *

	
Ubiquity-

Lation *

	
Monomethy-

Lation *

	
Dimethy-

Lation *

	
Caspase Cleavage Sites *






	
Zyxin

	
6.22

	
6.12–3.17

	
66

	
5

	
4

	
3

	
2

	
1




	
LimD1

	
6.20

	
6.12–3.85

	
65

	
-

	
8

	
4

	
-

	
-




	
Ajuba

	
6.86

	
6.63–4.63

	
30

	
-

	
2

	
1

	
-

	
-




	
LPP

	
7.18

	
6.89–2.84

	
83

	
3

	
5

	
1

	
1

	
-




	
WTIP

	
8.53

	
8.36–6.22

	
11

	
-

	
-

	
-

	
-

	
-




	
FBLIM1

	
5.71

	
5.60–4.96

	
9

	
1

	
-

	
-

	
-

	
-




	
TRIP6

	
7.19

	
6.89–3.61

	
56

	
-

	
-

	
22

	
4

	
-








* = Data obtained from PhosphositePlus. 1 = Calculated from ProtParam; 2 = Range is from single phosphorylation to maximum number of phosphorylation.
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Table 4. SVM based prediction of DNA binding of Zyxin family proteins as calculated by DNAbinder webserver.
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	Protein
	SVM Score *
	Prediction
	Job Number

on Webserver





	Zyxin
	1.2919473
	DNA binding protein
	1710



	LimD1
	0.90588128
	DNA binding protein
	4069



	Ajuba
	1.4081202
	DNA binding protein
	7780



	LPP
	0.11482763
	DNA binding protein
	1668



	WTIP
	1.7520286
	DNA binding protein
	1032



	FBLIM1
	0.39872591
	DNA binding protein
	1215



	TRIP6
	0.83398047
	DNA binding protein
	3994







* = Calculated for full length (all amino acids) under amino acid composition mode.
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Table 5. DALI structural alignment of the LIM domain of Zyxin family proteins.
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LIM

Domains

	
Description of Structural Similarities Identified by DALI Server




	
Unique

	
Common






	
Zyxin

	
Lim domain-bin, Lim domain-BI, CRP1, Four and Half Lim domain protein 2, Rhombotin-2

	
Fusion protein of LMO4 protein, Lim/Homeobox protein LHX4, Fusion protein of Lim domain transcription factor

Fusion of Lim/Homeobox protein LHX3

Insulin gene enhancer protein ISL-1

Insulin gene enhancer P

Fusion protein of Lim domain transcription factor

Actin Like protein 7A




	
LimD1

	
Lim domain-BI, Lim/Homeobox protein LHX4, Rhombotin-2, CRP1




	
Ajuba

	
Thyroid receptor-interacting protein 6, T-cell acute lymphocytic leukemia protein 1




	
LPP

	
Lim domain-BI, Rhombotin-2, Thyroid receptor-interacting protein 6




	
WTIP

	
Lim domain-bin, Lim domain-BI, Four and Half Lim domain protein 2, Rhombotin-2




	
FBLIM1

	
Lim domain-BI, Four and Half Lim domain protein 2, Rhombotin-2, Thyroid receptor-interacting protein 6




	
TRIP6

	
Rhombotin-2, T-cell acute lymphocytic leukemia protein 1, Four and Half Lim domains 2, Thyroid receptor-interacting protein 6, Rhombotin-2, Paxillin, PINCH, Lim domain-BI
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Table 6. MINT analysis of Zyxin protein.
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	Gene A
	Gene B *
	Interaction Type
	Direction Method





	BVLF1 (Epstein-Barr Virus)
	Zyx
	Association
	Tandem Affinity Purification



	E6 (Human papillomavirus type 18)
	Zyx
	Association
	Tandem Affinity Purification



	E6 (Human papillomavirus type 6b)
	Zyx
	Physical Association
	Anti-Tag Co-immunoprecipitation



	E6 (Human papillomavirus type 6b)
	Zyx
	Direct Interaction
	Pull Down



	E6 (Human papillomavirus type 6b)
	Zyx
	Physical Association
	Two Hybrid



	HIPK3 (Homo sapiens)
	Zyx
	Physical Association
	Two Hybrid



	JUN (Homo sapiens)
	Zyx
	Association
	Anti-Bait Co-immunoprecipitation



	HIPK3 (Homo sapiens)
	Zyx
	Physical Association
	Two Hybrid



	JUN (Homo sapiens)
	Zyx
	Association
	Anti-Bait Co-immunoprecipitation



	NEK4 (Homo sapiens)
	Zyx
	Association
	Anti-Tag Co-immunoprecipitation



	NEK4 (Homo sapiens)
	Zyx
	Association
	Anti-Tag Co-immunoprecipitation



	NS1 (Influenza A virus)
	Zyx
	Physical Association
	Two Hybrid Array







* Homo sapien.
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