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Several proteins are secreted outside the cell, and in many cases, they may be identified by a characteristic signal peptide. However, more and more studies point to the evidence for an “unconventional” secretion, where proteins without a hitherto unknown signal are secreted, possibly in conditions of starvation. In this work, we analyse a set of 202 RNA binding mammalian proteins, whose unconventional secretion has recently been established. Analysis of these proteins secreted by LC3 mediation, the largest unconventionally secreted dataset to our knowledge, identifies the role of KKX motif as well as triacidic amino acid motif in unconventional secretion, the latter being an extension of the recent implicated diacidic amino acid motif. Further data analysis evolves a hypothesis on the sequence or structural proximity of the triacidic or KKX motifs to the LC3 interacting region, and a phosphorylatable amino acid such as serine as a statistically significant feature among these unconventionally secreted proteins. This hypothesis, although needs to be validated in experiments that challenge the specific details of each of these aspects, appears to be one of the early steps in defining what may be a plausible signal for unconventional protein secretion.
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INTRODUCTION
Protein secretion is an essential cellular process. The first step in the translocation of secretory proteins across intracellular membranes and their final localization is the recognition of the “address tags” contained within the amino acid sequences of the proteins. In many cases of protein secretion, a specific configuration of 13–36 amino acids in the N-terminal region acts as a “signal peptide” and helps the translocation across the first membrane on the secretory pathway and thus universally controls the entry of all proteins to the secretory pathway in eukaryotes and prokaryotes. In eukaryotes, the signal peptide of a nascent precursor protein (pre-protein) directs the ribosome to the rough endoplasmic reticulum (ER) membrane and initiates the transport of the growing peptide chain across it (Devillers-Thiery et al., 1975; von Heijne, 1990). The pioneering work done in yeast and mammalian systems elucidated the mechanisms underlying eukaryotic classical secretory pathway (endoplasmic reticulum (ER)-Golgi-secretory vesicles) and demonstrated that proteins with signal peptides get secreted to the exterior which led to the 2013 Nobel Prize in physiology and medicine (Hata et al., 1993; Sollner et al., 1993; Barlowe et al., 1994; Bonifacino, 2014; Viotti, 2016). However, the conventional protein secretion (CPS) that employs the signal peptide alone is not responsible for the final destination of the mature protein; secretory proteins devoid of further address tags in their sequence are by default secreted to the external environment. Although signal peptides are not highly conserved, they have a common positively charged n-region, a hydrophobic h-region and a neutral, polar c-region (Nakai, 2000). The c-region contains a weakly conserved cleavage site recognized by membrane-bound signal peptidases. Before the translocation of the pre-protein across the ER membrane, a ribonucleoprotein called signal recognition particle (SRP) binds to the signal peptide emerging from the ribosome. Then the SRP-signal peptide-ribosome complex binds to the ER membrane via a SRP receptor (Blobel and Dobberstein, 1975).
Alternatively, unconventional protein secretion (UCPS) bypasses the conventional endoplasmic reticulum (ER)-Golgi route. Studies suggest four principal types of UCPS that can be further distinguished into non-vesicular and vesicular pathways (Rabouille et al., 2012; Rabouille, 2017). The non-vesicular pathways are further classified into Type I (e.g., FGF1) and Type II (e.g., yeast MATα). The vesicular pathways are mediated by Type III (e.g., Acb1) and Type IV (e.g., CFTR) mechanisms. Based on a recent classification, Type I is a pore-mediated translocation across the plasma membrane, Type II is an ABC transporter mediated secretion, Type III is an autophagosome/endosome-based secretion and Type IV is a Golgi bypass mechanism (Rabouille, 2017). The type III system has a unique feature as the autophagy process has the ability to form de novo vesicles, that have cargo specificity. One such selective form of autophagy that participates in UCPS is known as secretory autophagy (Jiang et al., 2013) wherein the cargo is secreted out instead of being degraded.
Unlike the classical secretory proteins that follow the canonical route of secretion (conventional protein secretion, CPS), the unconventionally secreted protein cargoes follow a plethora of divergent secretory mechanisms. There are no concrete studies on the motif analysis of UCPS. Even the signals that may trigger this UCPS are not clear. One of the early indications for what may be a possible signal in this fascinating unconventional secretion process, has only recently been discovered. The discovery of the diacidic motif, DE as the signal for UCPS of SOD1 (Cruz-Garcia et al., 2017) along with the context dependence of the presence of this motif in proximity with the charged, unstructured amino acids (Padmanabhan et al., 2018) might provide some clues. Similarly, motif-1 of the interleukin family is demonstrated to help in driving the unconventional secretion process (Zhang et al., 2020). On similar lines, the interaction between FGF2 and cell surface heparan sulfate is mediated by basic residues in the C-terminal part of FGF2 with K133 being an essential component of this binding motif (Temmerman et al., 2008; Nickel and Rabouille, 2009, 2008; Steringer et al., 2017).
With the DE motif as a potential UCPS export signal, the LIR containing proteins possess specific membrane associated receptors and the cells might use this in combination for the type III secretion. This can be resonated with the hypothesis that the UCPS cargo containing DE binds to a specific binding partner (Cruz-Garcia et al., 2018).
Predicting whether a protein undergoes a conventional secretion is a relatively well understood phenomenon. Several predictors, such as SecretomeP (Bendtsen et al., 2004) identify the signal peptide with very high accuracy. There are several other newer predictors such as the OutCyte (Zhao et al., 2019) and ExoPred (Ras-Carmona et al., 2021) which are meant to capture the unconventionally secreted proteins as well. These models based on artificial intelligence emphasize the accuracy rather than interpretability in terms of the potential signal-motifs. Further, the quality of the predictions itself may not be reliable as the models are trained on protein secretion data that is highly inhomogeneous. As such, a key to understanding the unconventional secretion signals, and mechanisms is the availability of the relevant high-quality data.
Increasing evidence implicates the role of autophagy proteins (ATGs) in the process of secretion. Indeed, genetic loss-of-function studies have revealed ATGs are required for the efficient secretion of inflammatory cytokines (Stow and Murray, 2013), extracellular release of bactericidal enzymes and tissue repair factors (Bel et al., 2017), extracellular vesicle production (Guo et al., 2017) and unconventional secretion of proteins lacking amino-terminal leader sequences (Rabouille et al., 2012). Some of the unconventional proteins that are shown to be secreted out include Acb1, IL1ß, TGFß (Schotman et al., 2008; Duran et al., 2010; Manjithaya and Subramani, 2010; 2011; Manjithaya et al., 2010; Dupont et al., 2011; Gee et al., 2011; Nilsson et al., 2013; Murrow et al., 2015; Son et al., 2015; 2016; Kortvely et al., 2016; Nuchel et al., 2018). As the process of secretory autophagy (Jiang et al., 2013) has been studied only in a small subset of cargoes the concept of microtubule associated protein Light Chain 3 (LC3) dependent EV loading and secretion (LDELS) from the secretomic studies has opened up more avenues to ponder upon the autophagy mediated secretory protein cargoes in detail (Leidal and Debnath, 2020; Leidal et al., 2020). The recent data on the 202 RNA binding proteins which are unconventionally secreted through an LC3-mediated pathway (Leidal et al., 2020) opens up the possibility of various analyses to understand UCPS. We performed bioinformatic analyses on this largest data set of autophagy mediated unconventionally secreted cargoes (202 RNA binding proteins) known till date to explore the possibility of identifying the signals that trigger unconventional secretion.
METHODS
Sequence Curation
The 202 unconventionally secreted proteins used in the analysis are obtained from the set of proteins proved to be secreted by LC3-mediated mechanism in the analysis of Leidal et al. (Leidal et al., 2020). The set of 1576 conventionally secreted proteins are obtained from the reference set used for training in SecretomeP (Bendtsen et al., 2004) database (http://119.3.41.228:8080/SPRomeDB/download_enabled.php). For convenience, these data sets are also provided in our Supplementary Data (https://github.com/malayrb/Thesis/tree/main/Ch7).
Discriminatory Motif Analysis
Discriminatory motif (DiMotif) analysis (Asgari et al., 2019) of a set relative to the Swiss-Prot reference was performed using the code: https://github.com/ehsanasgari/dimotif/blob/master/notebook/DiMotif_step_by_step_example.ipynb.
Motif Search Analysis
In addition to the DiMotif analysis, we performed a motif search using our script to analyse the differential occurrence of the motifs. The analyses presented in this work are based on 3 amino acid motifs, and which can result in 4200 combinations or 8000 combinations respectively with and without considering the mirror symmetry of the motifs. The proteins from the conventionally secreted and the LC3-mediated groups were scanned for these motif combinations, and the presence or absence of the motif was noted. Similarly, scripts were also used for analysing 4 amino acid motifs as well as the LIR motif (WXXL) (Noda et al., 2010; Jacomin et al., 2016).
RESULTS
Acidic Motifs Top the Differential Motif Analysis
The presence of a signature signal sequence is common in protein sorting. To identify the presence of a signal sequence in the 202 RNA binding proteins, we performed two different analyses:
Discriminatory Motif Analysis
To capture the unique signature in the 202 LC3 interacting proteins (UCPS-ATG dataset), they were compared against 20,117 proteins from the Swiss-Prot database using the DiMotif server (Asgari et al., 2019). This discriminatory motif analysis is meant to identify the motifs which were significantly represented in a chosen set, relative to all the proteins from the Swiss-Prot database. The most significant motifs identified by this analysis are (details shown in Supplementary Table S1A): EEE, DD, DED, DE, AK, KKE, KK, KT, AKK, KE. These discriminatory motifs have two as well as three amino acids.
Custom Motif Analysis
In addition to the above-mentioned analysis from DiMotif server, we also performed a custom motif search comparing the LC3 interacting proteins with the database of conventionally secreted proteins used for training the SecretomeP (Bendtsen et al., 2004). In this analysis, all possible motifs of 2, 3 and 4 amino acids were combinatorially generated and a systematic search for them was performed in the LC3 interacting UCPS-ATG dataset (positive-set), and the conventionally secreted proteins (negative-set) (Bendtsen et al., 2004). The implicit assumption being that the conventionally secreted proteins are not secreted through the LC3-mediated pathway. Comparing the motifs in the positive and the negative sets, the top ten differentiating proteins were identified after imposing a constraint that the motif must occur at least 30% more often among the proteins in the positive-set than in the negative-set. The occurrence of a motif in the protein, rather than the number of its occurrences in the same protein, was considered important. In this differential analysis, three amino acid motifs had the highest difference between the two sets, while two or four amino acid motifs did not appear to differentiate the two sets significantly to appear among the top differentiators. The three amino acid motifs with the highest difference between the two sets are: EEE, KKS, AEK, AKK, KKR, KEL, DEE, KAL, EKL, KER (details in Supplementary Tables S1B,C). As may be seen, most of the differentiating motifs are charged, with the triacidic motif at the top.
Acidic Motifs Appear in the Proximity of LIR Motifs
The transport of the specific set of proteins analysed in this work is mediated through the LC3 domains. We identified all the LC3 Interacting Regions (LIR) in each protein by performing a search for WXXL motif (Noda et al., 2010; Jacomin et al., 2016), and studied the frequency of occurrence of the different 3 amino acid motifs in the proximity of LIR. As the structural information of these proteins is sparse, we restricted the primary analysis to sequence-based proximity and wherever the structural information was available, the structural proximity check was subsequently checked for. The most commonly occurring sequences in the proximity of the LIR regions are: KEL, EEL, ALE, KAL, DEE, EKL, AEE, EEE, EEK (details in Supplementary Table S2).
Phosphorylatable Amino Acids Occur Preferentially in the UCPS Proteins
Since the unconventional secretion is usually activated under conditions of stress, we explored the possibility that a post-translational modification may be required for its activation. We searched for the presence of serine, threonine, or tyrosine within 3 amino acid positions from the differentiating motifs. For almost all the reference motifs we analysed, the S/T/Y amino acid in the proximity of the motifs occurred preferentially among the proteins from the positive set (Supplementary Table S3).
DISCUSSION
Triacidic Motif is Potentially a Signal for UCPS in Mammalian Cells
The discriminatory motifs identified relative to the Swiss-Prot database and the conventional protein secretion dataset were re-grouped to identify the common patterns among them. Two major patterns emerge among these three amino acid motifs: triacidic motifs (EEE/DDD/DEE/etc) occurring in 160 of the 202 from the positive set, and 625 of the 1576 in the negative set, and basic motifs (KKX) occurring in 187 of the 202 from the positive set and 796 of the 1576 in the negative set. Considering either of these triacidic or KKX motifs as a signal, the difference in the proportion between the positive and the negative data sets is statistically significant (p < 0.0002 in a Z-test).
Of these two statistically significant observations, the triacidic motif, by coincidence, happens to be an extension of the observation of the diacidic motif (Cruz-Garcia et al., 2017) and our earlier attempt to find the context in which the diacidic motif appears (Padmanabhan et al., 2018). In fact, a quick reanalysis of the multiple sequence alignments from the homologs of SOD1, Acb1 (Cruz-Garcia et al., 2017) by focusing on the mammalian sequences alone shows that they all have a common triacidic motif (Figure 1). However, despite the statistical evidence over the 202 proteins for the possibility of KKX as a UCPS signal, it is present neither in SOD1, nor in Acb1. Since there is very limited data on unconventionally secreted proteins, we consider the independent finding of the triacidic motif in an already experimentally validated data set as evidence in support of our finding. Needless to say, the role of which KKX as well as the other features possibly contributing to the signal, as described below require further computational as well as experimental investigations. Further, in the positive set which is derived from LC3-mediated secretion (Leidal et al., 2020), the validation of the triacidic or KKX motifs for other types of unconventional secretion will also require investigation.
[image: Figure 1]FIGURE 1 | A reanalysis of the multiple sequence alignments obtained from Cruz-Garcia et al. (2017). A comparison among the mammalian sequences, highlighted in purple, shows a common triacidic motif DEE (highlighted in yellow), rather than a diacidic motif (shown in red colored text) when comparing sequences across all species. (A) Multiple sequence alignment from homologs of SOD1. (B) Multiple sequence alignment from homologs of ACB1.
Phosphorylation May Be Activating the Signal
Unlike conventional secretion, the UCPS is activated under conditions of stress, suggesting the possibility that post-translational modifications may play a role in activating the signal. In continuation of the hypothesis that the triacidic or KKX motifs may be the “signal”, we explored the possibility that the amino acids S/T/Y in the proximity are responsible for activating this signal. S/T/Y amino acids in the proximity of triacidic motifs appeared in 133 of the 202 proteins from the positive-set, and in 422 of the 1576 proteins from the negative set. Similarly, S/T/Y amino acids in the proximity of KKX appeared in 170 of the 202 proteins from the positive set, and in 603 of the 1576 proteins from the negative set. The statistical significance of the difference between the two sets remains high (p < 0.00001 in a Z-test).
LIR Motif in the Proximity of Triacidic Motif is Discriminatory
The positive set being analysed here, is about the set of proteins where LC3 conjugation machinery is involved in their secretion (Leidal et al., 2020). However, the LIR motifs are present in abundance in both the positive and the negative sets, making them non-discriminatory. To investigate beyond the statistical averages from the 202 proteins, and to obtain fine-grained insights into the role of LIR and the triacidic motifs, we analysed the 31 class I proteins from the positive-set which were secreted in all three replicates in a statistically significant way. Among them, 6 proteins had LIR motif within 3 amino acids of the triacidic motif (Figure 2) along the sequence. From the remaining proteins, structural information was available only for 8 of them and in all of them the LIR region was within a structural proximity (Figure 3), if not a sequential proximity of 10 Å from triacidic motifs (Supplementary Table S4). Coincidentally, in the cases where the structural proximity between the LIR and the triacidic motifs was not seen, it could be seen with the KKX motifs (Figure 4), underscoring the possible complementarity between the triacidic and KKX motifs in signaling the UCPS.
[image: Figure 2]FIGURE 2 | An analysis of the sequence-proximity of the triacidic motif with the LIR motif among some of the proteins from the class I of the UCPS-ATG data set is shown.
[image: Figure 3]FIGURE 3 | An analysis of the structural-proximity of the triacidic motif with the LIR motif among the proteins from the class I of the UCPS-ATG data set for which structures are known is shown. The blue and red colors indicate the LIR and triacidic motifs. For convenience, only the closest pair is shown and other occurrences of LIR or triacidic motifs are not shown.
[image: Figure 4]FIGURE 4 | An analysis of the structural-proximity of the triacidic as well as the KKX motifs with all LIR motifs occurring among the proteins from the class I of the UCPS-ATG data set for which structures are known is shown. The blue, green and red colors indicate the LIR, KKX and triacidic motifs. One may notice that in some structures LIR is close to the triacidic motif, and in others to the KKX motif.
Deriving the Hypothesis for the Signal for UCPS
Given the importance of unconventional protein secretion, it is pivotal to identify the signals that trigger it, if such signals exist. The key to building hypotheses is to work with highly reliable data, preferably from fewer sources to avoid any biases in the experimental protocols. In this work, we chose to work with a very specific data set from the LC3 machinery driven protein secretion with 202 proteins, and to build a few hypotheses on what may be the signal for the unconventional secretion. The presence of three amino acid motifs, triacidic or KKX, appears recurrently in the set of 202 UCPS proteins, significantly more than it occurred either in the conventionally secreted proteins or in the Swiss-Prot database. Although the 202 proteins are believed to be secreted by the LC3 dependent pathway, 5 of these proteins do not have an LIR motif that can interact with the LC3 region. Interestingly even in these proteins, triacidic motif in the proximity of a phosphorylatable amino acid is a common occurrence. Among the proteins that had the LIR motif, it was found mostly in the sequence or a structural proximity from the triacidic or the KKX motifs. Thus, it appears that triacidic or KKX amino acid motifs in the proximity of LIR and/or phosphorylatable amino acids may play a significant role in triggering the unconventional secretion. This result was also validated in the independently curated dataset of unconventionally secreted proteins from other mammalian cells (Padmanabhan et al., 2018), where among the 26 mammalian proteins that are secreted unconventionally, 5 of them had triacidic motifs within a 5 amino acid proximity of LIR. 9 of the remaining proteins where there was no sequence proximity, but the structures were available, had LIR motifs within 10 Å of the triacidic motif, and three other structures had them within 15 Å. It will be very interesting to see if this hypothesis can be validated and refined with new experiments in which mutant constructs are designed to challenge each of these aspects of the composite hypothesis–triacidic, KKX, proximity of LIR, proximity of serine amino acid - are developed.
CONCLUSION
In conclusion, we explored the plausible signals for a very fundamental cellular process - unconventional protein secretion. The field is still in its nascent stages compared to conventional protein secretion where the signals as well as the mechanisms are clearly identified. Exploiting the recent experimental findings of a large set of unconventionally secreted proteins, we could perform bioinformatic analyses as well build hypotheses on the potential role of triacidic amino acids or KKX motif in the proximity of LIR region and phosphorylatable amino acids. As the next steps, we will be exploring collaboration with the relevant experimental groups to validate these hypotheses as well as explore the possibility of deciphering the patterns using interpretable deep-learning methods on the same datasets.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
The authors confirm contribution to the paper as follows: study conception and design: SP and MP; data collection: SP; analysis and interpretation of results: MB, SP, MP, and RM; draft manuscript preparation: MB, SP, MP, and RM. All authors reviewed the results and approved the final version of the manuscript.
FUNDING
This study was supported by JNCASR intramural funds, DST–Science and Engineering Research Board (SERB) grant (EMR/2015/001946) to RM, Department of Biotechnology grant in Life Science Research, Education and Training at JNCASR (BT/INF/22/SP27679/2018). The financial support from JNCASR to MB is acknowledged. The financial support from the DBT-RA program in Biotechnology and Life Sciences and DST-SERB NPDF to SP is gratefully acknowledged.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.863825/full#supplementary-material
REFERENCES
 Asgari, E., McHardy, A., and Mofrad, M. R. K. (2019). Probabilistic Variable-Length Segmentation of Protein Sequences for Discriminative Motif Discovery (DiMotif) and Sequence Embedding (ProtVecX). Sci. Rep. 9, 3577–3592. doi:10.1038/s41598-019-38746-w
 Barlowe, C., Orci, L., Yeung, T., Hosobuchi, M., Hamamoto, S., Salama, N., et al. (1994). COPII: A Membrane Coat Formed by Sec Proteins that Drive Vesicle Budding from the Endoplasmic Reticulum. Cell 77, 895–907. doi:10.1016/0092-8674(94)90138-4
 Bel, S., Pendse, M., Wang, Y., Li, Y., Ruhn, K. A., Hassell, B., et al. (2017). Paneth Cells Secrete Lysozyme via Secretory Autophagy during Bacterial Infection of the Intestine. Science 357, 1047–1052. doi:10.1126/science.aal4677
 Bendtsen, J. D., Jensen, L. J., Blom, N., Von Heijne, G., and Brunak, S. (2004). Feature-based Prediction of Non-classical and Leaderless Protein Secretion. Protein Eng. Des. Selection 17, 349–356. doi:10.1093/protein/gzh037
 Blobel, G., and Dobberstein, B. (1975). Transfer of Proteins across Membranes. I. Presence of Proteolytically Processed and Unprocessed Nascent Immunoglobulin Light Chains on Membrane-Bound Ribosomes of Murine Myeloma. J. Cel Biol. 67, 835–851. doi:10.1083/jcb.67.3.835
 Bonifacino, J. S. (2014). Vesicular Transport Earns a Nobel. Trends Cel Biol. 24, 3–5. doi:10.1016/j.tcb.2013.11.001
 Cruz-Garcia, D., Brouwers, N., Duran, J. M., Mora, G., Curwin, A. J., and Malhotra, V. (2017). A Diacidic Motif Determines Unconventional Secretion of Wild-type and Als-Linked Mutant Sod1. J. Cel Biol. 216, 2691–2700. doi:10.1083/jcb.201704056
 Cruz-Garcia, D., Malhotra, V., and Curwin, A. J. (2018). Unconventional Protein Secretion Triggered by Nutrient Starvation. Semin. Cel Develop. Biol. 83, 22–28. doi:10.1016/j.semcdb.2018.02.021
 Devillers-Thiery, A., Kindt, T., Scheele, G., and Blobel, G. (1975). Homology in Amino-Terminal Sequence of Precursors to Pancreatic Secretory Proteins. Proc. Natl. Acad. Sci. U.S.A. 72, 5016–5020. doi:10.1073/pnas.72.12.5016
 Dupont, N., Jiang, S., Pilli, M., Ornatowski, W., Bhattacharya, D., and Deretic, V. (2011). Autophagy-based Unconventional Secretory Pathway for Extracellular Delivery of IL-1β. EMBO J. 30, 4701–4711. doi:10.1038/emboj.2011.398
 Duran, J. M., Anjard, C., Stefan, C., Loomis, W. F., and Malhotra, V. (2010). Unconventional Secretion of Acb1 Is Mediated by Autophagosomes. J. Cel Biol. 188, 527–536. doi:10.1083/jcb.200911154
 Gee, H. Y., Noh, S. H., Tang, B. L., Kim, K. H., and Lee, M. G. (2011). Rescue of ΔF508-CFTR Trafficking via a GRASP-dependent Unconventional Secretion Pathway. Cell 146, 746–760. doi:10.1016/j.cell.2011.07.021
 Guo, H., Chitiprolu, M., Roncevic, L., Javalet, C., Hemming, F. J., Trung, M. T., et al. (2017). ATG5 Disassociates the V1V0-Atpase to Promote Exosome Production and Tumor Metastasis Independent of Canonical Macroautophagy. Develop. Cel 43, 716–730. doi:10.1016/j.devcel.2017.11.018
 Hata, Y., Slaughter, C. A., and Südhof, T. C. (1993). Synaptic Vesicle Fusion Complex Contains Unc-18 Homologue Bound to Syntaxin. Nature 366, 347–351. doi:10.1038/366347a0
 Jacomin, A.-C., Samavedam, S., Promponas, V., and Nezis, I. P. (2016). Ilir Database: A Web Resource for Lir Motif-Containing Proteins in Eukaryotes. Autophagy 12, 1945–1953. doi:10.1080/15548627.2016.1207016
 Jiang, S., Dupont, N., Castillo, E. F., and Deretic, V. (2013). Secretory versus Degradative Autophagy: Unconventional Secretion of Inflammatory Mediators. J. Innate Immun. 5, 471–479. doi:10.1159/000346707
 Kortvely, E., Hauck, S. M., Behler, J., Ho, N., and Ueffing, M. (2016). The Unconventional Secretion of ARMS2. Hum. Mol. Genet. 25, 3143–3151. doi:10.1093/hmg/ddw162
 Leidal, A. M., and Debnath, J. (2020). LC3-dependent Extracellular Vesicle Loading and Secretion (Ldels). Autophagy 16, 1162–1163. doi:10.1080/15548627.2020.1756557
 Leidal, A. M., Huang, H. H., Marsh, T., Solvik, T., Zhang, D., Ye, J., et al. (2020). The LC3-Conjugation Machinery Specifies the Loading of Rna-Binding Proteins into Extracellular Vesicles. Nat. Cel Biol. 22, 187–199. doi:10.1038/s41556-019-0450-y
 Manjithaya, R., Anjard, C., Loomis, W. F., and Subramani, S. (2010). Unconventional Secretion of Pichia pastoris Acb1 Is Dependent on GRASP Protein, Peroxisomal Functions, and Autophagosome Formation. J. Cel Biol. 188, 537–546. doi:10.1083/jcb.200911149
 Manjithaya, R., and Subramani, S. (2011). Autophagy: a Broad Role in Unconventional Protein Secretion?Trends Cel Biol. 21, 67–73. doi:10.1016/j.tcb.2010.09.009
 Manjithaya, R., and Subramani, S. (2010). Role of Autophagy in Unconventional Protein Secretion. Autophagy 6, 650–651. doi:10.4161/auto.6.5.12066
 Murrow, L., Malhotra, R., and Debnath, J. (2015). ATG12-ATG3 Interacts with Alix to Promote Basal Autophagic Flux and Late Endosome Function. Nat. Cel Biol. 17, 300–310. doi:10.1038/ncb3112
 Nakai, K. (2000). Protein Sorting Signals and Prediction of Subcellular Localization. Adv. Protein Chem. 54, 277–344. doi:10.1016/S0065-3233(00)54009-1
 Nickel, W., and Rabouille, C. (2009). Mechanisms of Regulated Unconventional Protein Secretion. Nat. Rev. Mol. Cel Biol. 10, 148–155. doi:10.1038/nrm2617
 Nickel, W., and Seedorf, M. (2008). Unconventional Mechanisms of Protein Transport to the Cell Surface of Eukaryotic Cells. Annu. Rev. Cel Dev. Biol. 24, 287–308. doi:10.1146/annurev.cellbio.24.110707.175320
 Nilsson, P., Loganathan, K., Sekiguchi, M., Matsuba, Y., Hui, K., Tsubuki, S., et al. (2013). Aβ Secretion and Plaque Formation Depend on Autophagy. Cel Rep. 5, 61–69. doi:10.1016/j.celrep.2013.08.042
 Noda, N. N., Ohsumi, Y., and Inagaki, F. (2010). Atg8-family Interacting Motif Crucial for Selective Autophagy. FEBS Lett. 584, 1379–1385. doi:10.1016/j.febslet.2010.01.018
 Nüchel, J., Ghatak, S., Zuk, A. V., Illerhaus, A., Mörgelin, M., Schönborn, K., et al. (2018). TGFB1 Is Secreted through an Unconventional Pathway Dependent on the Autophagic Machinery and Cytoskeletal Regulators. Autophagy 14, 465–486. doi:10.1080/15548627.2017.1422850
 Padmanabhan, S., Biswal, M. R., Manjithaya, R., and Prakash, M. K. (2018). Exploring the context of diacidic motif de as a signal for unconventional protein secretion in eukaryotic proteins. Wellcome Open Res. 3, 148. doi:10.12688/2Fwellcomeopenres.14914.1
 Rabouille, C., Malhotra, V., and Nickel, W. (2012). Diversity in Unconventional Protein Secretion. J. Cel Sci. 125, 5251–5255. doi:10.1242/jcs.103630
 Rabouille, C. (2017). Pathways of Unconventional Protein Secretion. Trends Cel Biol. 27, 230–240. doi:10.1016/j.tcb.2016.11.007
 Ras-Carmona, A., Gomez-Perosanz, M., and Reche, P. A. (2021). Prediction of Unconventional Protein Secretion by Exosomes. BMC Bioinformatics 22, 1–13. doi:10.1186/s12859-021-04219-z
 Schotman, H., Karhinen, L., and Rabouille, C. (2008). dGRASP-mediated Noncanonical Integrin Secretion Is Required for Drosophila Epithelial Remodeling. Develop. Cel 14, 171–182. doi:10.1016/j.devcel.2007.12.006
 Söllner, T., Whiteheart, S. W., Brunner, M., Erdjument-Bromage, H., Geromanos, S., Tempst, P., et al. (1993). SNAP Receptors Implicated in Vesicle Targeting and Fusion. Nature 362, 318–324. doi:10.1038/362318a0
 Son, S. M., Cha, M.-Y., Choi, H., Kang, S., Choi, H., Lee, M.-S., et al. (2016). Insulin-degrading Enzyme Secretion from Astrocytes Is Mediated by an Autophagy-Based Unconventional Secretory Pathway in Alzheimer Disease. Autophagy 12, 784–800. doi:10.1080/15548627.2016.1159375
 Son, S. M., Kang, S., Choi, H., and Mook-Jung, I. (2015). Statins Induce Insulin-Degrading Enzyme Secretion from Astrocytes via an Autophagy-Based Unconventional Secretory Pathway. Mol. Neurodegeneration 10, 56. doi:10.1186/s13024-015-0054-3
 Steringer, J. P., Lange, S., Cujova, S., Sachl, R., Poojari, C., Lolicato, F., et al. (2017). Key Steps in Unconventional Secretion of Fibroblast Growth Factor 2 Reconstituted with Purified Components. eLife 6, e28985. doi:10.7554/eLife.28985
 Stow, J. L., and Murray, R. Z. (2013). Intracellular Trafficking and Secretion of Inflammatory Cytokines. Cytokine Growth Factor. Rev. 24 (3), 227–239. doi:10.1016/j.cytogfr.2013.04.001
 Temmerman, K., Ebert, A. D., Müller, H.-M., Sinning, I., Tews, I., and Nickel, W. (2008). A Direct Role for Phosphatidylinositol-4,5-Bisphosphate in Unconventional Secretion of Fibroblast Growth Factor 2. Traffic 9, 1204–1217. doi:10.1111/j.1600-0854.2008.00749.x
 Viotti, C. (2016). ER to Golgi-dependent Protein Secretion: the Conventional Pathway. Methods Mol. Biol. 1459, 3–29. doi:10.1007/978-1-4939-3804-9_1
 von Heijne, G. (1990). The Signal Peptide. J. Membrain Biol. 115, 195–201. doi:10.1007/BF01868635
 Zhang, M., Liu, L., Lin, X., Wang, Y., Li, Y., Guo, Q., et al. (2020). A Translocation Pathway for Vesicle-Mediated Unconventional Protein Secretion. Cell 181, 637–652. doi:10.1016/j.cell.2020.03.031
 Zhao, L., Poschmann, G., Waldera-Lupa, D., Rafiee, N., Kollmann, M., and Stühler, K. (2019). Outcyte: a Novel Tool for Predicting Unconventional Protein Secretion. Sci. Rep. 9, 1–9. doi:10.1038/s41598-019-55351-z
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Biswal, Padmanabhan, Manjithaya and Prakash. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-863825-g003.gif





OPS/images/fcell-10-863825-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Early Bioinformatic Implication of Triacidic Amino Acid Motifs in Autophagy-Dependent Unconventional Secretion of Mammalian Proteins		Introduction

		Methods		Sequence Curation

		Discriminatory Motif Analysis

		Motif Search Analysis





		Results		Acidic Motifs Top the Differential Motif Analysis

		Acidic Motifs Appear in the Proximity of LIR Motifs

		Phosphorylatable Amino Acids Occur Preferentially in the UCPS Proteins





		Discussion		Triacidic Motif is Potentially a Signal for UCPS in Mammalian Cells

		Phosphorylation May Be Activating the Signal

		LIR Motif in the Proximity of Triacidic Motif is Discriminatory

		Deriving the Hypothesis for the Signal for UCPS





		Conclusion

		Data Availability Statement

		Author Contributions

		Funding

		Publisher’s Note

		Supplementary Material

		References









OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

Early Bioinformatic Implication of
Triacidic Amino Acid Motifs in
Autophagy-Dependent
Unconventional Secretion of
Mammalian Proteins





OPS/images/fcell-10-863825-g001.gif
A pcson e el
=
[
| s001 s

.
.






OPS/images/fcell-10-863825-g002.gif
GQ {QEWEA)
oo sy
st e
srusr @i
se i,

B—

o
oo,
T O

sy
Jrav———









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





