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Cellular proteomes are distributed in multiple compartments: on DNA, ribosomes, on and inside membranes, or they become secreted. Structural properties that allow polypeptides to occupy subcellular niches, particularly to after crossing membranes, remain unclear. We compared intrinsic and extrinsic features in cytoplasmic and secreted polypeptides of the Escherichia coli K-12 proteome. Structural features between the cytoplasmome and secretome are sharply distinct, such that a signal peptide-agnostic machine learning tool distinguishes cytoplasmic from secreted proteins with 95.5% success. Cytoplasmic polypeptides are enriched in aliphatic, aromatic, charged and hydrophobic residues, unique folds and higher early folding propensities. Secretory polypeptides are enriched in polar/small amino acids, β folds, have higher backbone dynamics, higher disorder and contact order and are more often intrinsically disordered. These non-random distributions and experimental evidence imply that evolutionary pressure selected enhanced secretome flexibility, slow folding and looser structures, placing the secretome in a distinct protein class. These adaptations protect the secretome from premature folding during its cytoplasmic transit, optimize its lipid bilayer crossing and allowed it to acquire cell envelope specific chemistries. The latter may favor promiscuous multi-ligand binding, sensing of stress and cell envelope structure changes. In conclusion, enhanced flexibility, slow folding, looser structures and unique folds differentiate the secretome from the cytoplasmome. These findings have wide implications on the structural diversity and evolution of modern proteomes and the protein folding problem.
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Introduction

All cells have specialized, membrane-bound subcellular compartments. More than a third of their proteome exits the cytoplasm after synthesis. How proteins find these extra-cytoplasmic locations, enter them after crossing membranes and acquire folded states, is a central biological problem. Gram- bacterial cells, like the Escherichia coli K-12 model, have a cytoplasm bound by a multi-layered cell envelope consisting of: the IM phospholipid bilayer; the periplasm (containing proteins, small molecules and the peptidoglycan mesh); an additional external lipid bilayer and the OM, which also contains anchored lipopolysaccharide molecules (Figure 1A; Silhavy et al., 2010).
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FIGURE 1. Subcellular protein distribution in K-12. (A) Cartoon representation of an Escherichia coli cell that comprises the cytoplasm surrounded by the inner (IM) and outer (OM) membranes separated by periplasm with peptidoglycan (pg). The symbols of different classes are noted as letters in the left box, the percentages of the whole K-12 proteome are in the right box. In K-12, cytoplasmic proteins include those binding to the nucleoid (N), peripheral inner membrane (F1), associated with ribosomes (r) or are freely diffusing (A); Exportome is either embedded in the IM (B) or comprises the secretome. These are proteins translocated across the IM: periplasmic enzymes (G), lipoproteins (I, E), OM-embedded proteins (H), IM and OM peripherally associated periplasmic proteins (F2, F3), surface-exposed appendages like flagella, fimbriae, and curli or are fully secreted to the extracellular space (X) and colicins (C) are imported through the cell envelope. (B) Intrinsic factors (red) and extrinsic (green) that bias the diffusion of a protein (orange) toward its final destination and folding. Proteostatic machineries (PM): PM1 = chaperones residing on the ribosome (SRP, SecA, TF); PM2 = soluble chaperones; PM3 = pilotin; PM4 = proteases; PM5 = IM transport channels; PM6 = lipoprotein modification module; PM7 = lipid factors; PM8 = OM insertion machineries (Bam and Omp). APR, aggregation prone region; CO, contact order; IDP, intrinsically disordered protein; GK, gatekeepers.



Polypeptides that exit the cytoplasm of E. coli, i.e., the “exportome,” are either embedded in the IM (IM proteins or “membranome”) or comprise the “secretome.” Secreted proteins reside in the cell envelope or become fully released in the surrounding milieu (Figure 1A). The exportome is involved in many cellular processes such as membrane biogenesis, cell structure maintenance, transport and signaling. Several proteins undergo dynamic location changes, e.g., nucleoid to membrane or cytoplasm to extracellular space. Understanding protein subcellular locations, interactions and dynamics is important for the physicochemical understanding and the in silico modeling of cells, their evolutionary connections, environmental responses, pathologies, chemotherapeutic interventions and biotechnological re-engineering.

Protein trafficking overcomes multiple challenges: recognition and sorting of protein “leavers” from “remainers” in the crowded cytoplasm, association with and crossing of or entry into membranes and protein folding that is delayed, until final destinations are reached. Trafficking is influenced by several extensively studied (De Geyter et al., 2016) environmental extrinsic factors, like the environment that the nascent polypeptide encounters, protein concentrations, proteostatic machineries and translocases (Figure 1B, green). In addition, polypeptides have their own, poorly understood, intrinsic physicochemical properties. These include signal peptides, disordered regions or specific 3D folds such as TM helices (Lemmin et al., 2013), β-barrels (Wimley, 2003), amphiphilic α-helical anchors (Figure 1B, red; Parlitz et al., 2007; Sung et al., 2009) and peptidoglycan (Hizukuri et al., 2009) and DNA- (Ishihama, 2012) binding domains.

We previously curated and annotated the subcellular localization of the complete K-12 proteome (Orfanoudaki and Economou, 2014), and have updated it here. Moreover, we examined whether a protein structural basis underlies the cytoplasmome-exportome divide. We investigated more than a hundred different protein characteristics, including physicochemical and structural information, and identified multiple differences between cytoplasmic, IM and secreted proteins. While, structural differences were largely expected and known for many IM protein features, the differences between soluble cytoplasmic and secretome polypeptides, and transiently soluble OM proteins were remarkable and unexpected. Here, we describe the differences between the different topology groups in E. coli K-12. To our knowledge, this is the first such comprehensive study. This information is openly accessible through a database that contains all the manually curated information on E. coli protein topology.

Secretome intrinsic properties go well beyond the presence of signal peptides known to be required for export (Tsirigotaki et al., 2017). Secretome mature domains (i.e., the signal peptide-less part of the exported protein), that represent the final native states of these proteins, have evolved inherent properties that make them distinct from soluble cytoplasmic polypeptides. Collectively, the secretome is more flexible and disordered, folds more slowly, acquires a limited repertoire of very stable structures, comprising a few folds enriched in all β and avoiding the topologically more complex α/β folds. Ribosome-bound chaperones recognize, bind and actively sort a fraction of the exportome away from the cytoplasmome, and guide it to the membrane for export.

Taken together with experimental evidence (Chatzi et al., 2017; Sardis et al., 2017; Tsirigotaki et al., 2018), we propose that the secretome has developed slow folding and enhanced and extreme disorder. This reflects the collective evolutionary pressure of avoiding premature cytoplasmic folding, optimizing and securing TM crossing, being able to properly fold after secretion and responding to specific cell envelope functions. As not all protein structures are amenable to overcoming these demands, the structural landscape of the secretome is limited. These findings reveal a previously unsuspected evolutionary choice with wide implications. Secretome polypeptides rely primarily on their specific intrinsic features to delay their folding and promote disorder; extrinsic factors, such as chaperones, only modulate this repertoire.

Materials and Methods

See Supplementary Materials and Methods for detailed information.

Topological Annotation and Analysis of the E. coli K-12 Proteome

The STEPdb 2.0 database (updated from version 1.0; Orfanoudaki and Economou, 20141), accessed through a mySQL management system, contains the E. coli K-12 “reference proteome” (MG1655/ATCC47076; UniProt Proteome ID UP000000625, 26/11/2017) with updated name and topological annotations (Supplementary Tables S1–S3), a new uniform naming scheme (see Supplementary Materials and Methods) and prediction tools and databases (Orfanoudaki and Economou, 2014; Orfanoudaki et al., 2017). All datasets are UniProt-referenced, in downloadable spreadsheets.

Using the CD-HIT algorithm (Li and Godzik, 2006) redundant protein sequences were removed at 90% sequence identity. The remaining 4247 proteins were then analyzed after removing signal peptides (510 proteins), unless specified otherwise. Nucleotide sequences corresponding to UniProt IDs were obtained from the European Nucleotide Archive.

mRNA abundance, translation efficiency and mRNA half-lives were obtained from ribosome-profiling (Li et al., 2014) and genome-wide transcriptomic microarray analyses (Esquerre et al., 2015). Average transcript decoding times were calculated based on decoding time scales (Dana and Tuller, 2014).

Relative frequency of amino acids (Polar: D, E, K, H, R, Q, N, S, C, T, Y, W; hydrophobic: I, L, V, F, Y, W, H, T, C, G, A, M and K; small: G, S, A and C; Taylor, 1986) and physicochemical properties of sequences were calculated with in-house scripts. pI was calculated using the IPC isoelectric point calculator (“EMBOSS” pKa set; Kozlowski, 2016).

Intrinsic disorder was predicted using IUPred2 (Meszaros et al., 2018) or the MobiDB aggregator (Piovesan et al., 2018). GRAVY (average hydropathy) was calculated based on the arithmetic average of the Kyte-Doolittle (K&D) score of each residue. Aggregation propensities and APRs and gatekeeper residues were predicted using TANGO (Fernandez-Escamilla et al., 2004). Predicted propensities for secondary structure acquisition such as α-helix, β-sheet, backbone dynamics and early folding predictions were derived as described previously (Cilia et al., 2013; Raimondi et al., 2017). Additionally structural secondary structure content was obtained from UniProt annotations based on a consensus between PDB structures. Other properties, such as proteome thermostability and structures, protein abundance and analysis and others, were obtained are described in Supplementary Materials and Methods. Protein structural classification was obtained from SUPERFAMILY (Gough et al., 2001). The machine learning tool JAD Bio (version 0.7; Borboudakis et al., 2017) was used for feature selection upon classification of K-12 proteins into cytoplasmic or secreted topology groups.

Exploratory Analysis and Visualization

All parsing, mapping, data pre-processing and calculations were performed by scripts written in house in Python 2.7.10, unless otherwise mentioned. Statistical analysis was performed using R free statistical software version 3.3.1 (Supplementary Materials and Methods). Most of the graphical outputs were created using ggplot2 2.1.0.

Results

Updated Topological/Structural Annotation of the E. coli K-12 Proteome

We previously annotated the subcellular topologies of the K-12 proteome (Supplementary Table S1; STEPdb; Orfanoudaki and Economou, 2014). Several entries were updated due to additional experimental evidence, genome/proteome re-annotation and changed entry names (Supplementary Tables S2, S3). New and corrected topological and structural information has been incorporated (Supplementary Tables S1–S3) and includes peripheral IM or exportome proteins that are longitudinally positioned at specific plasma membrane regions along the cellular axis (Supplementary Figure S1 and Supplementary Table S4). In total, 2930 annotations of 1292 proteins have been updated (Supplementary Table S2; see below) and structural and functional information was added to all 4313 proteins (Supplementary Table S3). By comparison, the currently available subcellular localization data in UniProt cover 2070 proteins (∼48%) and complete or partial PDB structures for 1466 proteins (∼34%; see below).

Topologically Correct Folding Requires Intrinsic and Extrinsic Factors

Proteins acquire folded states in one of the cell’s compartments (Figure 1A; De Geyter et al., 2016; Tsirigotaki et al., 2017) through optimal interactions of “intrinsic” (Figure 1B, red) and “extrinsic” (green) factors. Intrinsic factors are physicochemical properties of the polypeptide itself, while the extrinsic ones refer to the environmental factors. Intrinsic primary structural features define propensities for folding, solubility, aggregation, interactions and targeting. Thus, N-terminal or internal signals guide binding to DNA (405 proteins) or crossing (548) or embedding (970) in the IM (Figure 1A and Supplementary Table S1; De Geyter et al., 2016; Tsirigotaki et al., 2017).

Extrinsic factors bias equilibria: translation rates, abundance, metal ions and prosthetic groups, folding solvent and temperature (Figure 1B, green) and proteostatic machineries (Figure 1B, PM and Supplementary Tables S5, S6). Proteostatic machineries are being actively probed and rather well understood (De Geyter et al., 2016). In contrast, intrinsic features remain less clear and will be analyzed below.

Amino Acid Content and Physicochemical Features

Essential proteins comprise 10.6 and 2.2% of the cytoplasmome and exportome, respectively (Figure 2A, left and B,I). 57 of the 356 essential proteins of K-12 (Goodall et al., 2018), are exported. When considering functional cellular sub-systems (Figure 2A, right; containing both cytoplasmic and exported essential components, e.g., cytoplasmic enzymes that provide cell envelope precursors), 37% of all essential proteins have exportome and cell envelope related functions, and 60% of all essential cytoplasmic chemistries occur at the IM. This reflects the highly integrated and coordinated nature of cell structure, metabolic conversions and information flow.


[image: image]

FIGURE 2. Essential proteins and global features of the K-12 proteome. (A) Three hundred and fifty-six essential proteins (Goodall et al., 2018) of different functional sub-systems (see bottom) distributed in different topology locations. #The sum of essential proteins in each panel. (B) Comparison of the indicated global intrinsic features of cytoplasmic versus secreted proteins. Schematic representation a cell locations (left) and different steps of protein synthesis and folding (middle). mRNA characteristics (adapted from Li et al., 2014; Esquerre et al., 2015); Solubility (adapted from Niwa et al., 2009). See text for details. Gray boxes: higher values in one group compared to the other. Statistical analysis was done using Kruskal–Wallis Test or Fisher’s exact test: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001, #p ≥ 0.05. (C) Global (top) and Local (bottom) features described in this study in order of appearance. Local regions characterized are indicated in color: pink for early foldons, cyan for IDRs, magenta for hydrophobic regions and light magenta for the flanking regions, blue for APRs and light blue for gatekeepers. rCO, relative contact order; d, distance between amino acids; OMP, outer membrane proteins; IDR, intrinsically disordered region; APR, aggregation prone region; GK, gatekeepers; N/A, unknown.



Cytoplasmome mRNAs have higher concentrations but lower half-lives than those of the secretome (Figure 2B, II; Supplementary Figure S2A). mRNA concentration and half-life are negatively correlated (Nouaille et al., 2017). Cytoplasmic proteins have higher abundance (Figure 2B, VI; PaxDB; Wang et al., 2015) in keeping with, mRNA concentrations being positively correlated with protein abundance (Greenbaum et al., 2003).

To globally analyse primary sequences, we compared several primary and derivative physicochemical properties of the K-12 proteome (Figure 2B). The secretome is enriched in polar, small and disorder-promoting residues, the cytoplasmome on the other hand in hydrophobic, aliphatic, aromatic and charged residues (Figure 2B, III and Supplementary Figure S2D). Secreted proteins use significantly more residues that are energetically less costly to make (Figure 2B, III and Supplementary Figure S2D; Smith and Chapman, 2010). Secreted proteins (excluding OM proteins), are on average shorter than cytoplasmic ones (Supplementary Figure S2J). IM proteins and OM proteins are on average longer than cytoplasmic proteins (Supplementary Figure S2C). IM proteins are enriched in continuous stretches of hydrophobic residues, while OM proteins are not (Supplementary Figure S2D), since ∼8-residue β-strands with ∼4 non-continuous hydrophobic residues can cross the OM, forming β-barrels. IM proteins, but not the rest of the exportome, display higher pI (Supplementary Figure S2D), presumably due to charged residues providing TM topology cues (Schwartz et al., 2001).

The total secondary structure propensity (Cilia et al., 2013; Raimondi et al., 2017) and the actual content identified in solved structures (Figure 2B, IV; Supplementary Figures S2E,F), differ significantly between the two groups: cytoplasmome has more α-helix and secretome more β-stand content and are organized differently in folds (see below).

Global Folding, Disorder, and Aggregation Characteristics

We next examined global chain flexibility and folding propensities in the proteome. First, we tested backbone dynamics using DynaMine (Cilia et al., 2013). Secreted protein backbones are significantly more flexible than cytoplasmic ones (Figure 2B, V); IM proteins are the most “rigid” (Supplementary Figure S3A).

Backbone dynamics agree well with average early folding propensities predicted using EFoldMine (Raimondi et al., 2017). Compared to the secretome, cytoplasmic proteins are predicted to fold earlier (as determined from the fraction of amino acids in each protein that is predicted to fold early; Figure 2B, VI and Supplementary Figure S3B), implying that the secretome is primed for slower folding.

Fast folders differ by various degrees of disorder from other polypeptides that partially or wholly lack folded structure, while remaining soluble (Dunker et al., 2001). Disordered proteins have been analyzed by experiments and predictions (van der Lee et al., 2014). Secreted proteins are predicted by IUPred2 (Walsh et al., 2015) or MobiDB (Piovesan et al., 2018), a database combining seven disorder predictors, to be more disordered than cytoplasmic ones (Figure 2B, V and Supplementary Figure S3C, lane 1–3 and lane 4–6, respectively; Tsirigotaki et al., 2018).

To gain insight into folding, and the aggregation side-reaction, of different topological groups, we also looked at K-12 proteome hydrophobicity using GRAVY (Kyte and Doolittle, 1982). Secretory proteins are less hydrophobic on average than cytoplasmic ones (Figure 2B, V and Supplementary Figure S2G). Solubility of 3153 K-12 proteins (including signal-peptide bearing secretory proteins), analyzed immediately after they had been synthesized in a cell free system, is distributed bimodally (low 20–30%; high 70–90% solubilities, Niwa et al., 2012). IM proteins are the most insoluble (96%; Supplementary Figure S2G; Niwa et al., 2009; Rawlings, 2016). Cytoplasmic proteins are more soluble (p < 0.05) than secreted ones, but this difference evens out when OM proteins are excluded (Figure 2B, V). Proteome aggregation is influenced by hydrophobic APRs and abundance/temperature, all promoting undesirable bimolecular collisions (see below). TANGO, a well-established tool for predicting the aggregation propensity of individual amino acids in the protein as well as identifying the APR and gatekeeper regions, predicts that secreted proteins are the least (Figure 2B, V) and IM proteins the most (Supplementary Figure S2G) aggregation prone.

Finally, we analyzed CO, a structural feature of folded proteins that has been correlated with fast (low CO) and slow (high CO) folding (Plaxco et al., 1998; Faisca et al., 2012; Baiesi et al., 2017) although this correlation is not fully understood and requires further study (Ivankov et al., 2009; Faisca et al., 2012; Baiesi et al., 2017). CO represents average distances in a aminoacid sequence between neighbors in the 3D structure (Figure 2B, VI). We calculated CO normalized by protein length, termed “relative CO” and hereafter rCO, for 1407 proteins with experimentally solved structures (Supplementary Tables S7, S8). The secretome (including OM proteins) and cytoplasmome have comparable rCO values but the secretome, excluding OM proteins, has higher rCO (p < 0.05), indicating that longer contacts are formed inside the soluble secreted proteins and might fold more slowly. IM proteins have the lowest rCO (Supplementary Figure S2H).

Secretory proteins are significantly more thermostable than cytoplasmic ones (Figure 2B, VI and Supplementary Figure S2H; Leuenberger et al., 2017; Mateus et al., 2018), suggesting that the former may compensate for slow folding and enhanced disorder.

The above global features (Figure 2C, Global) were probed further at the level of local elements and their spatial distribution (Figure 2C, Local; Figure 3).
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FIGURE 3. Local features of the K-12 proteome. (A) Frequency of early foldons in proteins (foldons per 100 amino acids). (B) Average length of early foldons per proteins. (C) Average score of early foldons per proteins. (D) Prevalence of proteins with IDRs in K-12 (numbers of proteins are indicated in the bar). (E) Frequency of IDRs in proteins (IDRs per 100 amino acids). (F) Percentage of proteins having IDRs (left) or being IDPs (right). (G) Heat-map of overall IDR occurrence and in N terminal (N), middle (M), C terminal (C) parts of the protein as well as the IDPs for different subcellular topology classes. Classes are noted on the right with STEPdb topology symbols in parenthesis. (H) Frequency of hydrophobic regions in proteins (regions per 100 amino acids). (I) Backbone dynamics prediction for hydrophobic regions (DynaMine; Cilia et al., 2013). (J) Frequency of APRs in proteins (APRs per 100 amino acids). (K) Relative frequency of amino acids in gatekeepers. Statistical analysis was done using Fisher’s exact test comparing cytoplasmic protein group to either IM or secreted protein groups: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001. IDR, intrinsically disordered region; PIM, peripheral inner membrane; APR, aggregation prone region; GK, gatekeepers.



Early Foldons and Intrinsically Disordered Regions

Early foldons are short stretches of amino acids predicted to provide backbones with a folding “roadmap” in foldon-dependent protein folding theories (Englander and Mayne, 2017). These regions would lead to fragments of lower free energy structures and eventually a stable fold downstream (Maity et al., 2005; Raimondi et al., 2017). Early foldons defined here to be at least five residues long, are found with similar frequencies in the cytoplasmome and secretome (Figure 3A; see Supplementary Materials and Methods and Supplementary Tables S9, S10). Yet, secretory protein early foldons are on average shorter and cytoplasmic ones have significantly higher EFoldMine prediction scores (Figures 3B,C and Supplementary Table S10).

Many proteins comprise short (5–19 amino acids) or long (≥20 amino acids) IDRs (Necci et al., 2016). In IDPs coverage by IDRs is extensive (IDPs are defined as proteins covered by IDRs for ≥30%; Figure 1B and Supplementary Figure S3D) and they have longer and more disordered IDRs (Supplementary Figures S3E,F, respectively). First, we tested how IUPred2 predicts disorder in an experimentally determined dataset, using the Disprot database (Piovesan et al., 2017), which lists 44 K-12 polypeptides with experimentally determined IDRs, including 22 IDPs (16 of them with IDRs of >50 amino acids; Tsirigotaki et al., 2018). We added to this list the experimentally defined, completely disordered YciG (Sardis et al., 2017), SodC and NrfB (Tsirigotaki et al., 2018) and the disordered CsgA curli amyloid fiber subunit (Evans et al., 2015). To cover the whole gamut of disorder (Dyson, 2011), we define here additionally: IFPs. These display flexibility that was experimentally determined by global HDX-MS (≥60% deuterium uptake; Tsirigotaki et al., 2018) or NMR (Prehna et al., 2012). IFPs include several exported proteins like the periplasmic glucose-binding protein (Tsirigotaki et al., 2018), the chaperone Spy (Quan et al., 2011; Tsirigotaki et al., 2018) and the extracellular YebF (Supplementary Table S10; Prehna et al., 2012). In general, IDPs are thought of as being more hydrophilic and having less structure in solution when compared to an average protein (Uemura et al., 2018). Many eukaryotic IDPs display a great variety of structural features including extended stretches of over-represented Gln or Ser residues (Dyson and Wright, 2005; Dunker et al., 2008; van der Lee et al., 2014; Uversky, 2016, 2019). In bacteria, only 35% of the experimental IDPs of K-12 show extreme hydrophilicity (Supplementary Table S9) and it was possible to crystallize 23 out of 26 of them yielding high coverage crystal structures.

To decide on a disorder predictor for proteome-wide analysis we tested several tools and run them against the experimentally determined disordered proteins from Disprot (Piovesan et al., 2017). We focused in particular on MobiDB (Piovesan et al., 2018) and IUPred2 (Meszaros et al., 2018) (see Supplementary Materials and Methods and Supplementary Table S9, columns S–U). However, the MobiDB consensus score is not numerical (only parametric, i.e., ordered or disordered). IUPred2, is highly specific at the expense of sensitivity (Meszaros et al., 2018; Necci et al., 2018), and returned results that correlated well with those obtained from MobiDB. In addition, IUPred2 can process large whole-proteome datasets and was used hereafter. To set performance expectations for IUPred2, we predicted disorder in the 54 experimentally characterized IDPs, IFPs and IDR-carrying proteins (Supplementary Table S9). Of these, 18 are bioinformatically defined as bona fide IDPs (i.e., ≥30% sequence coverage by IDRs of ≥5 residues), another 23 had ≥1 IDR and 13 had no predicted IDRs. IUPred2 does not predict six experimentally determined IDPs (23% false negatives). Clearly, both disorder predictions and experimental validations must be consulted.

Having evaluated the performance of IUPred2, we used it to re-examine proteome-wide disorder in K-12 (Supplementary Tables S9, S11; Dosztanyi, 2018). Forty-three percentage of the proteome and 52% of the essential proteins (Paliy et al., 2008), contain at least one IDR (see Supplementary Materials and Methods; Figure 3D, lane 1 and 2, respectively). Twelve percentage of the K-12 proteome has long IDRs (≥20 amino acids) and 4.4% of the proteome proteins are IDPs (189; including the experimentally determined disordered/flexible proteins that IUPred2 did not predict; Supplementary Table S9). The secretome has more IDRs than does the cytoplasmome (1.1 vs. 0.7/100 residues; Figure 3E). 41.3% of the cytoplasmome and 55.5% of the secretome, respectively, have ≥1 IDR (Figure 3F, left and Supplementary Figure S3F).

The difference between cytoplasmome and secretome is striking when comparing their IDPs: 3.0 and 13.7% of each group are predicted IDPs, respectively (Figure 3F, right; Supplementary Table S9; Roderer and Glockshuber, 2017; Tsirigotaki et al., 2018). Secreted IDPs are involved in transport-, division-, motility-related processes and cellular responses to stress and often function as enzymes. Disorder might be important in protein-protein or protein-substrate interactions (van der Lee et al., 2014). IM proteins are the least disordered (Supplementary Figures S2G, S3G): only 1.9% are IDPs and an additional 24% have ≥1 IDR (Supplementary Figure S3G). TMs in IM proteins are so ordered that TM, hydrophobicity and IUPred2 disorder predictions complement each other (see below; Supplementary Figure S4).

IDR-containing proteins were next analyzed separately from IDPs. The differences in disorder between the two groups persist even if all IDPs are removed from the dataset (data not shown), indicating that disorder is inherent and widespread in the secretome (Tsirigotaki et al., 2018). This explains why it was such a strong enough predictor of secretome polypeptides (Orfanoudaki et al., 2017).

Finally, we classified IDRs with respect to their location within a protein sequence as: N-terminal (starting in the first 30 residues), middle or C-terminal (extending till the last 30 residues) (Figure 3G, top). Certain subcellular topology groups are enriched in specifically positioned IDRs (Figure 3G). For example, over 2/3 of OM proteins (row 1) have, mostly middle IDRs. Freely diffusing periplasmic proteins often have N-terminal and middle IDRs (row 2). Lipoproteins (row 3) are the most disordered subcellular group in K-12: 19% are IDPs; 52% have N-terminal IDRs (row 3; Zuckert, 2014; Asmar et al., 2017). Over 2/3 of all secreted peripherally membrane-associated proteins (i.e., Figure 1A, classes F2–4) and almost half of the peripheral IM proteins (Figure 1A, F1) have mid-region IDRs (Figure 3G, row 5 and 6, respectively). Ribosomal (Peng et al., 2014) and ribosome-associated proteins are disorder-enriched (row 8); 1/3 of them have N- and C-terminal IDRs. DNA-associated proteins (row 9) often have middle IDRs. Transcription factors (row 10) and nucleoid-binding proteins (row 11) from this group are especially enriched in disorder, as previously observed for eukaryotic DNA-binding proteins (Lobley et al., 2007). Chaperones carry many IDRs (rows 4, 7; van der Lee et al., 2014): 2/3 have predicted, usually short middle or C-terminal IDRs (Supplementary Table S9). Periplasmic chaperones (row 4) are even more disordered than cytoplasmic ones (row 7).

Hydrophobicity, Solubility, and Aggregation

Protein folding in aqueous environments exploits equilibria between solubility (common in final folded states) and aggregation (often manifested when folding intermediates expose APRs (Beerten et al., 2012).

Secreted proteins have fewer continuous hydrophobic patches per 100 residues (Supplementary Table S12; Tsirigotaki et al., 2018), that are shorter and less hydrophobic, than those of cytoplasmic proteins (Figure 3H and Supplementary Figures S3H,I) and are similarly distributed in the two groups (Supplementary Figure S3J). Hydrophobic patches in secretome polypeptides (Figure 3I) and their flanking quintapeptides (Supplementary Figure S3K), have higher backbone dynamics than the corresponding elements in the cytoplasmome. As expected, IM proteins have the most hydrophobic patches, some functioning as TMs. N-terminal hydrophobic patches are particularly common in IM proteins (Supplementary Figure S3J), presumably contributing to their recognition by SRP (see below).

A subset (28%) of the hydrophobic patches (of ≥5 amino acids) are APRs and satisfy β-strand formation (2–4/globular protein; Supplementary Table S13; Fernandez-Escamilla et al., 2004). APR length, prediction scores and distribution in the primary sequence are similar for secreted and cytoplasmic proteins (Supplementary Figures S3L–N), but cytoplasmic proteins are more aggregation prone and have significantly more APRs, than do secreted ones (0.86 vs. 0.79/100 amino acids, respectively; Figure 3J). IM proteins have the most, frequently N-terminal, APRs (Supplementary Figure S3N) compared to the cytoplasmome and secretome.

Gatekeeper residues flank and reduce the aggregation of APRs (Beerten et al., 2012). Gatekeepers differ for the cytoplasmome (more Glu and Arg), secretome (more Asp) and IM proteins (more Pro/Gly and less Lys; Figure 3K and Supplementary Figure S3O and Supplementary Table S13; Beerten et al., 2012). Collectively, differences in residues that flank hydrophobic patches may contribute in enhancing solubility of the secretome in non-folded, presecretory states (Tsirigotaki et al., 2018).

The K-12 Foldome

We next classified and compared fold families in the topology groups using (SCOPe and SUPERFAMILY; Figure 4 and Supplementary Tables S3, S14; De Geyter et al., 2016). Proteins were classified into classes (corresponding to secondary structure content), folds (groups of structurally similar arrangements of secondary structure, not necessarily evolutionarily related; e.g., DNA/RNA-binding 3-helical bundle) and super-families (groups of proteins with evolutionary relatedness; e.g., homeodomain-like) identified using Hidden Markov-Models (Wilson et al., 2007; De Geyter et al., 2016).
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FIGURE 4. Structural differences in cytoplasmic-secreted proteomes. (A–C) Structural fold analysis (numbers of proteins are indicated in the bars). (A) K-12 proteome with al identified folds or only soluble folds for one (onefold) or multiple (n-fold) proteins. (B) Domains per cytoplasmic protein. Left: percentage of proteins that carries only one or more folds. Right: average folds per protein for all cytoplasmic proteins or n-fold proteins. (C) Domains per exported protein. Left: percentage of proteins that carries only one or more folds. Right: average folds per protein for exported proteins. (D) Percentage of folds unique to either cytoplasmic or exported proteins or shared among the two groups. (E) Soluble folds in cytoplasmic or exported proteins based on carrying one or more folds (left) and carrying rare (≤3 times in the proteome) or frequent (≥4 times in the whole proteome) folds (right). (F) Indicated soluble fold classes in cytoplasmic and secreted proteins. On the Left: all soluble folds in each topology group; middle: unique and right: shared folds between the two topology groups. Unique (G) and shared folds (H) are divided in rare and frequent folds and plotted for cytoplasmome and secretome in α, β, α/β and α+β classes. (I) Heat-map of fold class occurrence in the proteins with (+) and without (–) IDRs for different topology classes. OMP, outer membrane proteins; IDR, intrinsically disordered region; N/A, none found.



We focused on the following classes: α, β, α/β (mostly parallel β-sheets alternating with stabilizing α-helices.), α + β (α and β domains in tandem). Class f (membrane and cell surface proteins) was only used to extract soluble, non-membrane embedded folds. In total, we identified 517 unique folds in 3012 K-12 proteins (Figure 4A, lane 1). Four hundred and eighty-nine of these are soluble in 2764 proteins (Figure 4A, lane 2). Most folds are found in the cytoplasmome, the largest topological class. Thirty-one of the cytoplasmome and 19% of the secretome has proteins with more than one domain (n-folds; Figures 4B,C, left). Of these, 32% are shared between proteins with one or multiple domains. More IM proteins have multiple domains compared to cytoplasmic proteins (Figures 4B,C, right; Orfanoudaki et al., 2017).

The cytoplasmome and secretome share 157 soluble domain folds that are structurally distinct (Figure 4D). The exportome is structurally poorer: (a) it has fewer unique folds (42 vs. 339; Figure 4E, lane 1 and 2). (b) It has many frequent folds (≥4 times in the whole proteome; 68% vs. 39%; Figure 4E, lane 3–4). (c) Only 32% of its domains are rare (found 1–3 times in the whole proteome), compared to 61% of all cytoplasmome folds (Figure 4E, lane 3–4).

Cytoplasmic proteins are enriched in α (Figure 4F, lane 1) and α/β (lane 3) classes and the secretome in β (lane 2). This distribution is maintained in shared folds (with α being slightly more favored in the secretome; lane 5) but becomes highly exaggerated in unique folds: these are predominantly α, α/β and α+β in the cytoplasmome (Figure 4F, lane 11 and 12) but 80% are β (lane 10) and none is α/β (lane 11) in the secretome. Both frequent (Figures 4G,H, lanes 1–4) and rare folds (lanes 5–8), are responsible for the cytoplasmome/secretome differences, especially for β and α/β folds. Variations are detectable in both frequent and rare unique folds (Figure 4H) with the secretome being overwhelmingly enriched in β (lanes 2 and 6) and depleted of α/β (lane 3 and 7). Collectively, these data suggest selective pressure may account for the enrichment of specific folds in specific subcellular compartments. For this comparison we excluded the IM proteins since they can contain soluble folds that face the cytoplasm and therefore, would not have been subjected to the same evolutionary pressure as the soluble domains of the secretome. The differences between the cytoplasmome and the exportome for different groups of folds are less prominent (Supplementary Figure S5).

The relation of disorder propensities, backbone dynamics and structural preferences of the cytoplasmome and the secretome was also examined. Enrichment of α folds and of α + β in the cytoplasmome, is independent of disorder status. All proteins with IDRs are enriched in α/β folds (Figure 4I, rows 1–6 and Supplementary Table S9). β folds are less common in IDR-containing cytoplasmic proteins than in ones without IDRs (12% vs. 9%; rows 1 and 2), while secreted proteins without IDRs have more β folds (rows 5–6). This implies that in certain cases fold distribution correlates with disorder propensities.

We next analyzed the most popular K-12 folds, i.e., those representing ≥3% of the folds in either cytoplasmome, IM proteins, secretome (excluding OM proteins) and in OM proteins (Figure 5A and Supplementary Table S14). In total, only 17 frequent folds comprise 34.8% of the K-12 foldome (Figure 5B). Only five different folds contribute ∼30% of the cytoplasmic foldome (Figure 5B, column 1, light green) and >50% of them bind nucleotides (DNA binding, ATPase, Rossmann-fold). These are completely absent from proteins of the nucleotide-free periplasm. Just six and five different folds, respectively, comprise almost half of all soluble IM proteins and secretome folds (Figure 5B, column 2 and 3 in left table, green). 8–14% of each topology group represents the rare folds (found 1 to 3 times in each subcellular topology group; Figure 5C). The most frequent IM protein folds are the MFS general substrate transporter and the MetI-like fold of ABC transporters (in 84 and 52 proteins, respectively; Figure 5D). >60% of OM proteins contain only six soluble folds. TM β-barrels are the only membrane-spanning fold present in OM proteins (Figure 5D).
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FIGURE 5. Functional classes of the most frequent protein folds of K-12. Heat-map of occurrence of the most frequent and rare folds in different topology classes. (A) Left: cartoon representation of percentages depicted in the heat map (B–D on the left). Percentage of folds that represent ≥3% of all the folds found in each topology class (cytoplasmome, IMP, secretome without OMPs or OMPs). Such folds are included in panels (B,D). Right: cartoon representation of the numbers depicted in the table on the right. Each number is how many proteins were found having the respective fold. Empty cells when no proteins were found with that fold. (B) Nineteen soluble folds are shown that each represent ≥3% of folds found in a specific topology group. Left: fold abbreviation; right: full name. On the very right the sum of proteins having each fold is indicated. The absolute number of folds found in each subcellular topology group is noted in the upper white box and its corresponding percentage below it in the bottom white box. The upper white box on the right depicts the total protein sum in each topology. (C) The sum of four classes of folds that are rare and their distribution in the topology groups. (D) The membrane folds that represent minimum 3% of folds found in different topology groups. IMP, inner membrane proteins; OMP, outer membrane proteins; N/A, none found.



N- and C-termini may become proximal in the final 3D folded states but no significant distance differences were detected between topology groups (Supplementary Figure S6 and Supplementary Table S3).

Translation Rate and Protein Abundance

Translation rates and folding speed finely tune cellular folding versus aggregation (Buhr et al., 2016). Translation decoding time and, therefore, translation efficiency (i.e., translation rate normalized per protein abundance, see section “Materials and Methods”), is comparable between secretome and cytoplasmome-encoding mRNAs (Supplementary Figure S2B; Dana and Tuller, 2014), while IM proteins, have much lower translation efficiency and higher decoding times (Supplementary Figure S2B). This has been also associated with low solubility (Niwa et al., 2009) and may offer more SRP interaction opportunities (see below).

Protein abundance influences aggregation and may lead to co-evolved properties and has been quantified in E. coli under multiple growth regimes (Lill et al., 1988; Matsuyama et al., 1992; Taniguchi et al., 2010; Soufi et al., 2015; Schmidt et al., 2016; Caglar et al., 2017). The 2354 proteins (57% of the total proteome) of K-12 strain BW25113, a close relative of MG1655, were quantified (Grenier et al., 2014). Here, we extrapolated the abundance of 2353 homolog proteins in MG1655, in 13 conditions that did not involve stress or protracted growth (Figure 6A and Supplementary Table S15). Cytoplasmic and secreted protein concentrations are similar, while IM proteins are found at much lower levels (Supplementary Table S3; Wang et al., 2015; Schmidt et al., 2016).
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FIGURE 6. Change in protein abundance across different media. (A) Change in protein abundance plotted using variability score (see section “Materials and Methods”) for each protein. Proteins were classified in the indicated groups. (B) Protein features quantified for each group. Statistical analysis was done using Kruskal–Wallis Test or Fisher’s exact test: ∗p < 0.05; ∗∗p < 0.01; ∗∗∗p < 0.001 for the comparison between very low and high score groups. aas, amino acids.



A variability score (VS, see Supplementary Materials and Methods) was used to define four classes of protein abundance change: very low, low, moderate and high (Figure 6A). The abundance of 10.4% of the proteome remains constant (Figure 6A, very low), and of 8.6% changes substantially. The variable abundance proteins are less commonly essential, include many IM proteins, are less efficiently translated and are the least abundant (Figure 6B; Serohijos et al., 2012). Many transporters and metabolic enzymes of highly variable abundance, are activated in LB more than in the minimal medium supplied with a single carbon source. Proteins that undergo little abundance changes among different growth conditions are shorter, have more acidic and charged amino acids, lower pI and higher disorder and include many cytoplasmic proteins (79.5%) compared to the highly variable abundance group, while secretome proteins are distributed equally in all groups (Figure 6B).

Functionally, house-keeping proteins (e.g., transcription and antioxidant factors, proteases, signal transduction and translation regulation functions) are of constant to moderately changed abundance (e.g., Sec pathway subunits; Supplementary Table S15) and some are completely absent from the variable abundance group (Figure 6B). Transporters and receptors are enriched in the variable group (Ashburner et al., 2000).

Chaperone Mediated Sorting in statu nascenti

Ribosome-bound chaperones, interact with nascent chains as soon as the latter emerge from ribosomes and bias nascent polypeptide destinations (Figure 7A, step I. and II.; Solbiati et al., 1999; Bienvenut et al., 2015). The ribonucleoprotein SRP recognizes N-terminal hydrophobic TMs of IM proteins and a few, hydrophobic, secretory signal peptides (Figure 7A, step I; Tsirigotaki et al., 2017) and binds its FtsY receptor, to associate to membrane-embedded SecYEG channels co-translationally (Saraogi et al., 2014). SRP binds to empty ribosomes with a Kd of 70 nM, that becomes higher (0.7–1.5 nM; IM proteins) or lower (200–800 nM; secretory proteins) when nascent proteins emerge (Bornemann et al., 2008, 2014). TF (Maier et al., 2003) and SecA (Huber et al., 2011) bind to empty ribosomes with a Kd of ∼1 μM. SecA, may also associate with nascent secretory polypeptides (Kd < 0.5 μM) and guide them for secretion possibly even co-translationally, after ∼100–110 residues are synthesized (Oh et al., 2011; Huber et al., 2017). Given their cellular concentrations (40 μM TF and ∼5 μM SecA; Tsirigotaki et al., 2017) and their shared ribosome docking sites (Huber et al., 2011), nascent chains are more likely to encounter TF as they emerge.
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FIGURE 7. Chaperone clients and their features. (A) Left: representation of different topology groups in gray scale that is used in the graphs. Right: cartoon representation of different chaperones interacting with nascent chains co-translationally. (B,C) Nascent interactomes of the indicated chaperones in each subcellular localization group (Supplementary Table S16). Nascent interactomes determined by ribosome profiling (Oh et al., 2011; Schibich et al., 2016; Huber et al., 2017) were re-analyzed (see Supplementary Materials and Methods). (B) Nascent interactors of each subcellular localization class are plotted relatively to the total population of each class. (C) Relative distribution of the indicated nascent interactomes in the three subcellular localization classes [color coding as in panel (A)]. (D) Cartoon representation of different chaperones interacting with nascent chains post-translationally. (E) Interactomes of the indicated chaperones in each subcellular localization class, were identified as described (Niwa et al., 2012; Supplementary Table S17). (F) Cartoon representing where the chain is when 110 residues are synthetized for secreted (top) and cytoplasmic (bottom) proteins. P-site is peptidyl-site, followed by ribosomal tunnel and its exit. The corresponding length of the nascent chain is indicated in orange. (G,H) Average score of N-terminal residues (indicated on the x-axis) of backbone dynamics (DynaMine), early folding (EFoldMine), disorder (IUPred2) and hydrophobicity (Kyte-Doolittle scale) for SecA (G) or TF (H) interactors (green) and non-interactors. MD, mature domain; SP, signal peptide.



Co-translational nascent chain interactions are commonly determined in vivo using selective ribosome profiling (Oh et al., 2011; Becker et al., 2013; Schibich et al., 2016). mRNA sequences are compared between the cellular translatome and specific ribosome-bound factor translatomes, isolated by (immuno)affinity purification. Such studies revealed competition between the three ribosome-bound chaperones and a complex landscape of a few overlapping and several non-overlapping clients (Supplementary Table S16; Bornemann et al., 2014; Ariosa et al., 2015). These interactions generate complex equilibria in vivo that are regulated additionally by partner concentrations (Supplementary Table S5) and translation speed (Supplementary Table S3).

Three hundred and seventy-nine co-translational SRP interactors were defined (see Supplementary Materials and Methods; Schibich et al., 2016), including 10 cytoplasmic, 360 IM proteins, and 9 secreted proteins (Figure 7B and Supplementary Table S16). Of 799 nascent TF interactors (Supplementary Table S16), 548 (>65% of TF interactome; 19.6% of total cytoplasmome) were cytoplasmic, 143 IM protein (67 of them shared with SRP; Supplementary Figure S7B) and 108 secretory (19.7% of total secretome; Figure 7B, top) of which only 21 OM proteins.

A similar approach identified 1305 nascent SecA interactors but only after they were additionally cross-linked (Figure 7B and Supplementary Table S16; Huber et al., 2017). Only 11.3% of these were secretory proteins, 35.2% were IM proteins and over half were with cytoplasmic and peripheral IM proteins (Figures 7B,C). Secretory SecA interactors included a third of its bona fide Sec clients but also seven flagellar and TAT secretory proteins that do not use the Sec system (Supplementary Table S16). This unexpected promiscuity toward cytoplasmic proteins and unrelated secretors may represent experimental false positives, or true, but weak, SecA interactions or meaningful interactions with unknown roles. SecA shares 145 interactors with SRP, 211 with TF and 41 with both (Supplementary Figure S7B).

To better define potential SecA and TF recognition features in nascent interactors, we focused on their N-terminal residues and compared them to those of other proteins. We plotted the average scores of backbone dynamics (DynaMine), early folding (EFoldMine), disorder (IUPred2) and hydrophobicity (Kyte-Doolittle scale) for every residue (starting at the first residue of the cytoplasmic protein or the first residue of the mature domain of secretory proteins until their approximately last, ribosome exposed 90th residue; Figure 7F). Throughout these ribosome-exposed N-terminal regions, SecA interactors display statistically significant differences from the non-interactors: less backbone dynamics, more slow folding residues, less disorder and islands with elevated hydrophobicity/folding (Figure 7G, gray islands 1–3 for both topological groups and four only relevant for cytoplasmome; Supplementary Figures S7G–J, left).

TF interactors, on the other hand, have more backbone dynamics, slightly more disorder islands and no obvious hydrophobicity islands compared to non-interactors (Figure 7H and Supplementary Figure S7G–J, right). TF interactors also fold later (EFoldMine) compared to non-interactors (Figure 7H). These differences between the SecA and TF nascent interactors might explain how these proteins are distinguished from the other nascent chains.

Collectively, SRP specifically recognizes many IM proteins co-translationally (Figures 7B,C and Supplementary Table S16) and may compete with TF and SecA for clients. Among the 505 secretory proteins, only ∼2, ∼20, and ∼30% appear to be SRP, TF and SecA nascent substrates, respectively (Figure 7B).

Post-translational Cytoplasmic Chaperone Interactors

TF association might bias secretory protein choice for post-translational secretion and relay them to downstream chaperones, like SecB and SecA. SecB facilitates export of 13 of the 505 Sec-dependent secretory proteins (Figure 7A), and acts downstream of SecA/TF (Baars et al., 2006). Once exportome proteins have been selected out, cytoplasmic nascent chains complete translation and initiate folding (Figure 7D, III) alone or using foldases (e.g., GroEL, DnaK; Anfinsen et al., 1961; Anfinsen, 1973; Deuerling et al., 1999; Kim et al., 2013; Saio et al., 2014; Santra et al., 2017). Experimentally determined TF, DnaK, and GroEL “client” specificities yielded convoluted results (Supplementary Materials and Methods and Supplementary Table S17).

Here, we address only if potential cytoplasmic chaperone interact with the secretome during its cytoplasmic transit (Bochkareva et al., 1998) and only consider results from addition of TF, DnaK, and GroEL during cell free synthesis (Niwa et al., 2012). 1018 K-12 proteins refolded and/or became soluble without, and 521 with, chaperone help (Figure 7E and Supplementary Figure S7D and Supplementary Table S17; Niwa et al., 2009). More than a third of the latter interacted with 2 or 3 chaperones (Supplementary Figure S7C).

Most chaperone-solubilized proteins were cytoplasmic, while exportome solubilization was negligible (Figure 7E; middle and upper). This suggests that while foldases may act as “holdases” to prevent aggregation (Hoffmann et al., 2010), their influence on secretome polypeptide sorting and solubilization during their cytoplasmic transit to the translocase, is marginal. The inherent propensity of secretome polypeptides to retain non-folded/disordered states (Chatzi et al., 2017; Sardis et al., 2017; Tsirigotaki et al., 2018), predominates.

Multiple Structural Features Differentiate the Subcellular Topology Groups

To objectively define the minimal-size set of contributing factors that differentiate between cytoplasmome and secretome, we used the machine learning tool JAD Bio (Borboudakis et al., 2017). We previously trained JAD Bio to predict differences between the cytoplasmome and the signal peptide-less mature domains of the secretome on the basis of N-terminal sequences (Orfanoudaki et al., 2017). JAD Bio employs an automated machine learning pipeline to produce a classification model from a given training dataset, and an estimate of its predictive performance (mean and confidence interval). At the same time, it performs multiple feature selection, i.e., identifies as many as possible minimally sized feature sets that collectively (multi-variately) contain all the information sufficient to produce an optimally predictive classification model.

First, we compared how different combinations of features perform in JAD Bio (Table 1). A comprehensive list of the 79 features (i.e., all the different protein properties; Supplementary Tables S3, S9), 8 of which dealt with disorder, resulted in 95.5% success, as measured by the Area Under the Receiver Operating Characteristic Curve (AUC), in distinguishing cytoplasmome from secretome polypeptides. To achieve this, JAD Bio selected 24 features (Supplementary Table S18). The most prominent amongst them (with the highest weight factor), were: disorder predictions, amino acid frequencies (e.g., methionine, glutamate, arginine are significantly more common in cytoplasmic than in secreted proteins), early foldon average score and hydrophobic regions (determined by EFoldMine and GRAVY tools, respectively) and the presence of certain folds.

TABLE 1. Performance of structural features to differentiate cytoplasmome from secretome using machine learning.
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Since the disorder prediction score was the most significant feature that JAD Bio used for classification, we extracted all of the disorder-related features (e.g., IDR frequency, average length, average scores per protein) and run them alone in the JAD Bio analysis (Table 1, “8 disorder parameters”). This resulted in a worse precision of secretory protein classification, indicating that disorder is combined with more features to successfully predict if a proteins belongs to the cytoplasmome or secretome. Attesting to this, classification accuracy and precision were improved when disorder parameters were excluded. In this case, coverage by hydrophobic regions was selected as an extra variable.

Our current dataset that includes more extensive structural features, separates the cytoplasmome from the secretome better than the best classification model (#M22) of the MatureP classifier that we previously developed (91.5% success; Orfanoudaki et al., 2017) and that was also using disorder and amino acid compositions.

We concluded that the structural features selected by the machine learning tool are prominent descriptors of the structural differences between the two cytoplasmome and secretome groups.

Discussion

Understanding cellular systems requires comprehension of how their proteomes are compartmentalized. Moving physico-chemically heterogeneous aminoacyl polymers into and across biological membranes requires four main logistics solutions to achieve “secretability”: (a) management of chain “flexibility,” to prevent premature cytoplasmic folding for the exportome but allowing folding to occur later in the trans side of the membrane, (b) management of protein “solubility,” to prevent aggregation, (c) incorporating intrinsic signals that can tell two polypeptides apart and allow some of them to be targeted to membranes, and (d) acquisition of final native structures that satisfy all the above criteria and yet provide a sufficient gamut of structures for all cell-envelope chemistries. This “exportome non-folding problem” prior to secretion, is in a sense the inverse of the core biological “folding problem” (Dill et al., 2008), driven by the same fundamental physics principles, and is reminiscent of the behavior of IDPs (Zhou and Dunker, 2018). Undoubtedly, specific intrinsic polypeptide features allow evolution to select the combination of non-folding, solubility, targeting signals, TM crossing, and endpoint folding. These features have remained obscure. Soluble exportome polypeptides have been largely considered to be similar to cytoplasmic ones and their ability to remain non-folded and soluble and become secreted was relegated to chaperones, translocases, and N-terminal signal peptides (De Geyter et al., 2016; Tsirigotaki et al., 2017).

In contrast, our analysis of the K-12 proteome and experimental data (Chatzi et al., 2017; Sardis et al., 2017; Tsirigotaki et al., 2018), reveal an unsuspected richness of the subcellular topology structural landscape. While retaining a fundamental common wiring, the cytoplasmome and secretome are strikingly different at multiple levels. These structural differences represent adaptations in secretory mature domains, which have escaped previous scrutiny and are independent of signal peptides (that have been completely excluded from our study).

Primary sequence differences between cytoplasmome and secretome are pronounced. Secreted polypeptides are enriched in small, polar and more soluble residues, show higher disorder and rCO, have fewer and weaker hydrophobic patches and APRs, all suggestive of slower folding and dynamic native structures (Plaxco et al., 1998; Orfanoudaki et al., 2017; Tsirigotaki et al., 2018). Additionally, amino acids whose synthesis requires less ATP are used significantly more in the secretome than in the cytoplasmome (Smith and Chapman, 2010). These differences are so prevalent, that we could confidently use only a small number of them as features to tell cytoplasmome/secretome polypeptides apart with 91.5% (MatureP; Orfanoudaki et al., 2017) or 95.5% (Table 1) confidence.

Primary sequence variability drives folding kinetics and higher order organization. Forty-three percentage of the K-12 proteome is predicted to contain IDRs, of which 4% IDPs. Both parameters are particularly enriched in the secretome. We hypothesize that this adaptation serves two main purposes: firstly, it minimizes the chances of premature cytoplasmic folding, independently of the presence of any chaperone, and secondly, it optimizes TM crossing through the lipid-embedded Sec translocase in non-folded states. These notions are corroborated by experimental evidence with structural twins: even moderately disordered secreted proteins fold more slowly than their cytoplasmic counter parts (Tsirigotaki et al., 2018). Additionally, enhanced inherent disorder and flexibility may satisfy a third purpose of specific cell envelope related functions (Supplementary Table S9), e.g., binding prosthetic groups (e.g., NrfB; Clarke et al., 2007), chaperoning (Skp, Spy, SurA, PpiA, HdeA; Walton and Sousa, 2004; Burmann et al., 2013), interaction with OM proteins and conformational linkage to the IM (TonB; Sean Peacock et al., 2005), sensing stress (RcsF; Rogov et al., 2011), peptidoglycan binding and periplasm-cell surface topological transitions (Lpp; Liu et al., 2002); small molecule (Tompa et al., 2006) and colicin (Johnson et al., 2017) import and phage adsorption (DcrB; Likhacheva et al., 1996), lateral Bam opening to facilitate porin insertion (Hagan et al., 2011), curli subunits that are additionally secreted across the OM like the amyloid fiber CsgA and the CsgF lid (Raivio et al., 1999; Van Gerven et al., 2015). Disorder can also have additional relevant functions, e.g., by facilitating multiple interactions it can yield higher thermostability as in the small ribosomal subunits of Thermus thermophilus when compared to those of the mesophilic E. coli (Mallik and Kundu, 2013).

Short and long IDRs are heavily enriched in multiple protein classes (Figure 3G) and their location within the protein sequence may contribute to protein function and dynamics. In the cytoplasmome, many transcription factors have N-terminal and internal DNA binding IDRs (Lobley et al., 2007) and highly disordered ribosomal proteins, 18% of them IDPs, have terminal IDRs (Peng et al., 2014). Peripheral IM proteins are cytoplasmic proteins that can also bind to membranes on IM proteins (e.g., SecA; Tsirigotaki et al., 2017) or lipids (e.g., PspA; McDonald et al., 2017). Some peripheral IM proteins are IDPs such as those involved in cell division (e.g., ZapB; Ebersbach et al., 2008), RNA degradation (RNaseE; Callaghan et al., 2004) and the RNA chaperone ProQ (Smith et al., 2007). Several peripheral IM proteins, many involved in protein-protein interactions, contain middle (73%) or C-terminal (40%) IDRs (Papanastasiou et al., 2013). This flexibility may control substrate binding, as suggested for SspB (Wah et al., 2003). Manual search revealed that IDRs encompass substrate-binding regions and active enzyme sites, but more detailed analysis on what function these regions have is needed. More than half of the highly disordered secreted lipoproteins have disordered N-termini that might function as expandable, flexible tethers between the protein and its membrane anchor. These IDRs might play a role in targeting, stress sensing, surface exposure (Paliy et al., 2008; Zuckert, 2014) and IM-to-OM distance sensing (Asmar et al., 2017). IDR-mediated flexibility may help chaperones bind to multiple substrates (Gorovits and Horowitz, 1995; van der Lee et al., 2014). C-terminal IDRs regulate flexibility and act as an auto-inhibitory substrate mimic in SecA (Chatzi et al., 2014), cytoplasmic foldase DnaK (Smock et al., 2011) and several flagellar and pathogenic Type 3 secretion chaperones (Chen et al., 2013; Little and Coombes, 2018). Internal IDRs in OM proteins (e.g., OmpA, OmpC, BamA) presumably control pore flexibility for trans-membrane transport. OM protein disorder might help them bind to chaperones and be targeted to the OM (Paliy et al., 2008), stress sensing, surface exposure (Zuckert, 2014) and IM-to-OM distance sensing (Asmar et al., 2017). IM proteins, the least IDP-rich group, also contain regions of enhanced disorder with specific functions: ZipA to dock to the cell division ring (Vicente and Rico, 2006) and to YtfB, DedD, DamX, FtsN (Gerding et al., 2009); TatB to mediate folded protein export (Patel et al., 2014); RseA to sense envelope stress and bind to sigmaE (De Las Penas et al., 1997); the FliF flagellar ring to allow rotational motion (Grunenfelder et al., 2003); FtsH and its modulator HflK to degrade different IM proteins (Asahara et al., 2000).

Given the high disorder and slower folding of the secretome (Tsirigotaki et al., 2018), it is unsurprising that specific evolutionary adaptations are needed to secure that its polypeptides can acquire their final folded states. Enhanced secretome native state thermostability (Figure 2B, VI; Leuenberger et al., 2017; Mateus et al., 2018) may compensate for the elevated dynamics of the folding intermediates, while stability of native OM proteins comes from the lipid-embedded state (Lessen et al., 2018). In addition, up to a third of native states in secretome polypeptides are stabilized by disulfides (Supplementary Table S3), oligomerization (e.g., HdeA, PhoA, Spy, CsgA, Lpp), metal ion binding (e.g., Ca2+, glucose binding protein; Herman et al., 2005) and prosthetic groups (e.g., the cytochrome c-type protein NrfB; Clarke et al., 2007) and many other solutions (De Geyter et al., 2016).

Structural folds in final native states also tell the secretome and cytoplasmome apart. The secretome, both soluble and OM proteins, is β-rich. It is also reduced in α/β folds, that are actually depleted in its unique domains, suggesting active evolutionary pressure. The SecY translocase channel “scans-and-sorts to lipid” exported chains with helical hydrophobic segments (Tsirigotaki et al., 2017). Extended β strands, as in the OM proteins, were selected because they escape SecY, due to the alternate planes of their side chains and reduced hydrophobicity. Enhanced disorder, shorter and more dynamic hydrophobic patches, altered APRs/gatekeepers and altered amino-acid content (Figure 2) may all contribute to optimal “secretability” and/or selectively acquiring specific folds. Even the soluble secretome may have been selected to avoid many α-helices with hydrophobic faces that could hamper SecY passage. Many secretome α proteins are short, hydrophilic and highly flexible (e.g., the chaperone Spy, extracellular YebF, the peptidoglycan binding and trimerizing Lpp; Tsirigotaki et al., 2018).

Two thirds of the folds in the secretome are frequent and shared with the cytoplasmome (Figures 4D,E). The secretome has far fewer rare and unique domains suggesting that only some of these may have been adaptable to the process of secretion. Perhaps only particular secretome folds could be selected in response to export-specific requirements, function or folding in the cell envelope. Unique secretome folds may provide specific functionalities that are only relevant to the cell envelope such as maintenance of OM structure (e.g., lipocalin-fold b.60 in lipoprotein Blc), stress response (e.g., “trypsin-like serine protease”-fold b.47 in DegP, DegS, and DegQ) and peptidoglycan biosynthesis (e.g., “Penicillin-binding protein associated domain”-fold b.105 in DacA, DacC, and DacD; Supplementary Table S3). Collectively, how domain architectures are distributed across the cytoplasmome and the secretome appears non-random and seems actively selected.

Chaperones acting close to or at the ribosome can be important regulators for cytoplasmome abd secretome traffic. These interactions confer a “positive chromatography” effect, sequester exported proteins out of cytoplasmic circulation, reduce the danger of highly hydrophobic, exported molecules being inadvertently released in the cytoplasm (Huber et al., 2005) and pilot them to membrane-embedded translocases (Figure 7A, steps I and II). Exportome proteins that cannot be secreted (e.g., during stress) might interact with cytoplasmic chaperones acting as holdases (Supplementary Table S17 and Supplementary Figure S7D), without any appreciable folding (Figure 7F). IM proteins also interact with SecA, perhaps corroborating its proposed involvement in co-translational IM protein integration into the IM (Figure 7A; Wang et al., 2017). In contrast, cytoplasmic polypeptides that escape this scrutiny, diffuse into the cytoplasm and fold, with or without foldases (Figure 7A, step III; Supplementary Table S17).

These observations all lend support to a fundamental concept: the dominant, inherent nature of polypeptides to fold fast or to remain disordered unaided (Anfinsen, 1973; Dunker et al., 2013; Sardis et al., 2017; Tsirigotaki et al., 2018). Primarily intrinsic, and additional extrinsic, features lead to cytoplasmome/secretome differences (Figure 7F). Intrinsic features maintain the non-folded secretome soluble and translocation-competent in the cytoplasm, and provide targeting export signals recognized by chaperones or the translocase. Enhanced flexibility during cytoplasmic transit facilitates secretion and prevents unwanted premature folding. Signal peptides can partially delay folding for structures whose mature domains could not be directly manipulated (like the α/β maltose binding protein; Beena et al., 2004), but are a less robust and weaker solution than intrinsic disorder (Tsirigotaki et al., 2018). The secretome folds in the cell envelope and beyond, into a small repertoire of folds that retain extreme disorder and flexibility (Figure 7F, right), presumably reflecting functional adaptations to cell envelope specific chemistries.

Summary

It was generally thought that the major distinction between cytoplasmic and secreted proteins is the presence of the signal peptide in the latter. By analyzing the proteome of E. coli K-12, we demonstrate that these two protein groups have distinct characteristics in terms of primary amino acid content that then leads to different folding propensities, secondary structure preferences, degrees of disorder and structural folds (Figure 8). We found that the secretome displays unusually enhanced flexibility, slow folding and looser structures overall (Figure 8). We hypothesize that these adaptations avoid premature folding in the cytoplasm, optimize lipid bilayer crossing and facilitate cell envelope specific chemistries and interactions. The unique combination of these features reveals new insights of protein evolution and has wide implications on the structural diversity and evolution of modern proteomes.


[image: image]

FIGURE 8. Summary. Cartoon representation of protein synthesis and folding at final destinations in K-12 (IN: Cytoplasmome; OUT: Secretome). Important factors and check-points influencing this process are summarized. See text for details. aa, amino acids; APR, aggregation prone region; IDP, intrinsically disordered protein; IM, inner membrane; OM, outer membrane; rCO, relative contact order; TF, trigger factor; Tm, melting temperature.



Data Availability

The datasets generated and analyzed during the current study are included in this published article, its Supplementary Information Files and can be found in the STEPdb2.0 database (http://stepdb.eu/).

Author Contributions

ML and RR collected, curated, and analyzed most of the data. WV, AT, JDG, KT, BY, and VZ collected, curated, and analyzed the data sub-sets. ML, RR, WV, IT, JS, and FR performed the bioinformatics analyses. MK and E-PT managed and updated the STEPdb. ML and AE wrote the manuscript with contributions from RR, AT, WV, IT, JS, VZ, SK, and JDG. AE conceived and managed the study. All authors reviewed the final version of the manuscript.

Funding

This work was supported by grants (to AE): RUN (#RUN/16/001 KU Leuven), RiMembR (Vlaanderen Onderzoeksprojecten, #G0C6814N, the Research Foundation Flanders-FWO), the FWO/F.R.S.-FNRS “Excellence of Science – EOS” program grant #30550343, and C1 (FOscil, KU Leuven), and (to WV): FWO project #G032816N and (to IT): the European Research Council under the European Union’s Seventh Framework Program (FP/2007-2013)/ERC Grant Agreement #617393. RR is an EMINTE2 fellow. JDG is an FWO doctoral fellow. VZ is an FWO post-doctoral fellow. BY is a China Scholarship Council doctoral fellow.

Acknowledgments

We gratefully acknowledge P. Charonyktakis and M. Markaki with help using JAD Bio; Gnosis for free access to JAD Bio for our research; G. Orfanoudaki and K. Tsolis for preliminary versions of the STEPdb2.0; G. Kramer for making the data available; and D. Piovesan (University of Padova) for support with DisProt.

Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2019.01670/full#supplementary-material

Abbreviations

APR, aggregation prone region; CO, contact order; IDP, intrinsically disordered protein; IDR, intrinsically disordered region; IFP, intrinsically flexible protein; IM, inner membrane; OM, outer membrane; rCO, relative contact order; SRP, signal recognition particle; TF, trigger factor; TM, transmembrane.

Footnotes

1 http://stepdb.eu

References

Anfinsen, C. B. (1973). Principles that govern the folding of protein chains. Science 181, 223–230. doi: 10.1126/science.181.4096.223

Anfinsen, C. B., Haber, E., Sela, M., and White, Jr. F. H. (1961). The kinetics of formation of native ribonuclease during oxidation of the reduced polypeptide chain. Proc. Natl. Acad. Sci. U.S.A. 47, 1309–1314. doi: 10.1073/pnas.47.9.1309

Ariosa, A., Lee, J. H., Wang, S., Saraogi, I., and Shan, S. O. (2015). Regulation by a chaperone improves substrate selectivity during cotranslational protein targeting. Proc. Natl. Acad. Sci. U.S.A. 112, E3169–E3178. doi: 10.1073/pnas.1422594112.

Asahara, Y., Atsuta, K., Motohashi, K., Taguchi, H., Yohda, M., Yoshida, M., et al. (2000). FtsH recognizes proteins with unfolded structure and hydrolyzes the carboxyl side of hydrophobic residues. J. Biochem. 127, 931–937. doi: 10.1093/oxfordjournals.jbchem.a022689

Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene ontology: tool for the unification of biology. The gene ontology consortium. Nat. Genet. 25, 25–29.

Asmar, A. T., Ferreira, J. L., Cohen, E. J., Cho, S. H., Beeby, M., Hughes, K. T., et al. (2017). Communication across the bacterial cell envelope depends on the size of the periplasm. PLoS Biol. 15:e2004303. doi: 10.1371/journal.pbio.2004303

Baars, L., Ytterberg, A. J., Drew, D., Wagner, S., Thilo, C., van Wijk, K. J., et al. (2006). Defining the role of the Escherichia coli chaperone SecB using comparative proteomics. J. Biol. Chem. 281, 10024–1003.

Baiesi, M., Orlandini, E., Seno, F., and Trovato, A. (2017). Exploring the correlation between the folding rates of proteins and the entanglement of their native states. J. Phys. Math. Theor. 50:16. doi: 10.1088/1751-8121/aa97e7

Becker, A. H., Oh, E., Weissman, J. S., Kramer, G., and Bukau, B. (2013). Selective ribosome profiling as a tool for studying the interaction of chaperones and targeting factors with nascent polypeptide chains and ribosomes. Nat. Protoc. 8, 2212–2239. doi: 10.1038/nprot.2013.133

Beena, K., Udgaonkar, J. B., and Varadarajan, R. (2004). Effect of signal peptide on the stability and folding kinetics of maltose binding protein. Biochemistry 43, 3608–3619. doi: 10.1021/bi0360509

Beerten, J., Schymkowitz, J., and Rousseau, F. (2012). Aggregation prone regions and gatekeeping residues in protein sequences. Curr. Top. Med. Chem. 12, 2470–2478. doi: 10.2174/1568026611212220003

Bienvenut, W. V., Giglione, C., and Meinnel, T. (2015). Proteome-wide analysis of the amino terminal status of Escherichia coli proteins at the steady-state and upon deformylation inhibition. Proteomics 15, 2503–2518. doi: 10.1002/pmic.201500027

Bochkareva, E. S., Solovieva, M. E., and Girshovich, A. S. (1998). Targeting of GroEL to SecA on the cytoplasmic membrane of Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 95, 478–483. doi: 10.1073/pnas.95.2.478

Borboudakis, G., Stergiannakos, T., Frysali, M., Klontzas, E., Tsamardinos, I., and Froudakis, G. E. (2017). Chemically intuited, large-scale screening of MOFs by machine learning techniques. NPJ Comput. Mater. 3:40. doi: 10.1038/s41524-017-0045-8

Bornemann, T., Holtkamp, W., and Wintermeyer, W. (2014). Interplay between trigger factor and other protein biogenesis factors on the ribosome. Nat Commun 5:4180

Bornemann, T., Jockel, J., Rodnina, M. V., and Wintermeyer, W. (2008). Signal sequence-independent membrane targeting of ribosomes containing short nascent peptides within the exit tunnel. Nat. Struct. Mol. Biol. 15, 494–499. doi: 10.1038/nsmb.1402

Buhr, F., Jha, S., Thommen, M., Mittelstaet, J., Kutz, F., Schwalbe, H., et al. (2016). Synonymous Codons Direct Cotranslational Folding toward Different Protein Conformations. Mol. Cell. 61, 341–351. doi: 10.1016/j.molcel.2016.01.008

Burmann, B. M., Wang, C., and Hiller, S. (2013). Conformation and dynamics of the periplasmic membrane-protein-chaperone complexes OmpX-Skp and tOmpA-Skp. Nat. Struct. Mol. Biol. 20, 1265–1272. doi: 10.1038/nsmb.2677

Caglar, M. U., Houser, J. R., Barnhart, C. S., Boutz, D. R., Carroll, S. M., Dasgupta, A., et al. (2017). The E. coli molecular phenotype under different growth conditions. Sci. Rep. 7:45303

Callaghan, A. J., Aurikko, J. P., Ilag, L. L., Gunter Grossmann, J., Chandran V., Kuhnel, K., et al. (2004). Studies of the RNA degradosome-organizing domain of the Escherichia coli ribonuclease RNase E. J. Mol. Biol. 340, 965–979. doi: 10.1016/j.jmb.2004.05.046

Chatzi, K. E., Sardis, M. F., Economou, A., and Karamanou, S. (2014). SecA-mediated targeting and translocation of secretory proteins. Biochim. Biophys. Acta 1843, 1466–1474. doi: 10.1016/j.bbamcr.2014.02.014

Chatzi, K. E., Sardis, M. F., Tsirigotaki, A., Koukaki, M., Sostaric, N., Konijnenberg, A., et al. (2017). Preprotein mature domains contain translocase targeting signals that are essential for secretion. J. Cell Biol. 216, 1357–1369. doi: 10.1083/jcb.201609022

Chen, L., Ai, X., Portaliou, A. G., Minetti, C. A., Remeta, D. P., Economou, A., et al. (2013). Substrate-activated conformational switch on chaperones encodes a targeting signal in type III secretion. Cell. Rep. 3, 709–715. doi: 10.1016/j.celrep.2013.02.025

Cilia, E., Pancsa, R., Tompa, P., Lenaerts, T., and Vranken, W. F. (2013). From protein sequence to dynamics and disorder with DynaMine. Nat. Commun. 4:2741

Clarke, T. A., Cole, J. A., Richardson, D. J., and Hemmings, A. M. (2007). The crystal structure of the pentahaem c-type cytochrome NrfB and characterization of its solution-state interaction with the pentahaem nitrite reductase NrfA. Biochem. J. 406, 19–30. doi: 10.1042/bj20070321

Dana, A., and Tuller, T. (2014). Mean of the typical decoding rates: a new translation efficiency index based on the analysis of ribosome profiling data. G3 5, 73–80. doi: 10.1534/g3.114.015099

De Geyter, J., Tsirigotaki, A., Orfanoudaki, G., Zorzini, V., Economou, A., Karamanou, S., et al. (2016). Protein folding in the cell envelope of Escherichia coli. Nat. Microbiol. 1:16107

De Las Penas, A., Connolly, L., and Gross, C. A. (1997). The sigmaE-mediated response to extracytoplasmic stress in Escherichia coli is transduced by RseA and RseB, two negative regulators of sigmaE. Mol. Microbiol. 24, 373–385. doi: 10.1046/j.1365-2958.1997.3611718.x

Deuerling, E., Schulze-Specking, A., Tomoyasu, T., Mogk, A., and Bukau, B. (1999). Trigger factor and DnaK cooperate in folding of newly synthesized proteins. Nature 400, 693–696. doi: 10.1038/23301

Dill, K. A., Ozkan, S. B., Shell, M. S., and Weikl, T. R. (2008). The protein folding problem. Annu. Rev. Biophys. 37, 289–316

Dosztanyi, Z. (2018). Prediction of protein disorder based on IUPred. Protein Sci. 27, 331–340

Dunker, A. K., Babu, M. M., Barbar, E., Blackledge, M., Bondos, S. E., Dosztanyi, Z., et al. (2013). What’s in a name? Why these proteins are intrinsically disordered: Why these proteins are intrinsically disordered. Intrinsically Disord. Proteins 1:e24157. doi: 10.4161/idp.24157

Dunker, A. K., Lawson, J. D., Brown, C. J., Williams, R. M., Romero, P., Oh, J. S., et al. (2001). Intrinsically disordered protein. J. Mol. Graph. Model. 19, 26–59.

Dunker, A. K., Silman, I., Uversky, V. N., and Sussman, J. L. (2008). Function and structure of inherently disordered proteins. Curr. Opin. Struct. Biol. 18, 756–764. doi: 10.1016/j.sbi.2008.10.002

Dyson, H. J. (2011). Expanding the proteome: disordered and alternatively folded proteins. Q. Rev. Biophys. 44:467–518. doi: 10.1017/s0033583511000060

Dyson, H. J., and Wright, P. E. (2005). Intrinsically unstructured proteins and their functions. Nat. Rev. Mol. Cell Biol. 6, 197–208. doi: 10.1038/nrm1589

Ebersbach, G., Galli, E., Moller-Jensen, J., Lowe, J., and Gerdes, K. (2008). Novel coiled-coil cell division factor ZapB stimulates Z ring assembly and cell division. Mol. Microbiol. 68, 720–735. doi: 10.1111/j.1365-2958.2008.06190.x

Englander, S. W., and Mayne, L. (2017). The case for defined protein folding pathways. Proc. Natl. Acad. Sci. U.S.A. 114, 8253–8258. doi: 10.1073/pnas.1706196114

Esquerre, T., Moisan, A., Chiapello, H., Arike, L., Vilu, R., Gaspin, C., et al. (2015). Genome-wide investigation of mRNA lifetime determinants in Escherichia coli cells cultured at different growth rates. BMC Geno. 16:275

Evans, M. L., Chorell, E., Taylor, J. D., Aden, J., Gotheson, A., Li, F., et al. (2015). The bacterial curli system possesses a potent and selective inhibitor of amyloid formation. Mol. Cell. 57, 445–455. doi: 10.1016/j.molcel.2014.12.025

Faisca, P. F., Travasso, R. D., Parisi, A., and Rey, A. (2012). Why do protein folding rates correlate with metrics of native topology?. PLoS One 7:e35599. doi: 10.1371/journal.pone.0035599

Fernandez-Escamilla, A. M., Rousseau, F., Schymkowitz, J., and Serrano, L. (2004). Prediction of sequence-dependent and mutational effects on the aggregation of peptides and proteins. Nat. Biotechnol. 22:1302–1306. doi: 10.1038/nbt1012

Gerding, M. A., Liu, B., Bendezu, F. O., Hale, C. A., Bernhardt, T. G., de Boer, P. A., et al. (2009). Self-enhanced accumulation of FtsN at Division Sites and Roles for Other Proteins with a SPOR domain (DamX, DedD, and RlpA) in Escherichia coli cell constriction. J. Bacteriol. 191, 7383–7401. doi: 10.1128/jb.00811-09

Goodall, E. C. A., Robinson, A., Johnston, I. G., Jabbari, S., Turner, K. A., Cunningham, A. F., et al. (2018). The Essential Genome of Escherichia coli K-12. MBio 9: e02096–17

Gorovits, B. M., and Horowitz, P. M. (1995). The chaperonin GroEL is destabilized by binding of ADP. J. Biol. Chem. 270, 28551–28556. doi: 10.1074/jbc.270.48.28551

Gough, J., Karplus, K., Hughey, R., and Chothia, C. (2001). Assignment of homology to genome sequences using a library of hidden Markov models that represent all proteins of known structure. J. Mol. Biol. 313, 903–919. doi: 10.1006/jmbi.2001.5080

Greenbaum, D., Colangelo, C., Williams, K., and Gerstein, M. (2003). Comparing protein abundance and mRNA expression levels on a genomic scale. Genome Biol. 4:117

Grenier, F., Matteau, D., Baby, V., and Rodrigue, S. (2014). Complete Genome sequence of Escherichia coli BW25113. Genome Announc 2: e01038-14.

Grunenfelder, B., Gehrig, S., and Jenal, U. (2003). Role of the cytoplasmic C terminus of the FliF motor protein in flagellar assembly and rotation. J. Bacteriol. 185, 1624–1633. doi: 10.1128/jb.185.5.1624-1633.2003

Hagan, C. L., Silhavy, T. J., and Kahne, D. (2011). Beta-Barrel membrane protein assembly by the Bam complex. Annu. Rev. Biochem. 80, 189–210. doi: 10.1146/annurev-biochem-061408-144611

Herman, P., Vecer, J., Barvik, I., Jr., Scognamiglio, V., Staiano, M., de Champdore, M. et al. (2005). The role of calcium in the conformational dynamics and thermal stability of the D-galactose/D-glucose-binding protein from Escherichia coli. Proteins 61, 184–195. doi: 10.1002/prot.20582

Hizukuri, Y., Morton, J. F., Yakushi, T., Kojima, S., and Homma, M. (2009). The peptidoglycan-binding (PGB) domain of the Escherichia coli pal protein can also function as the PGB domain in E. coli flagellar motor protein MotB. J. Biochem. 146, 219–229. doi: 10.1093/jb/mvp061

Hoffmann, A., Bukau, B., and Kramer, G. (2010). Structure and function of the molecular chaperone Trigger Factor. Biochim. Biophys. Acta 1803, 650-661

Huber, D., Boyd, D., Xia, Y., Olma, M. H., Gerstein, M., Beckwith, J., et al. (2005). Use of thioredoxin as a reporter to identify a subset of Escherichia coli signal sequences that promote signal recognition particle-dependent translocation. J. Bacteriol. 187, 2983–2991. doi: 10.1128/jb.187.9.2983-2991.2005

Huber, D., Jamshad, M., Hanmer, R., Schibich, D., Doring, K., Marcomini, I., et al. (2017). SecA cotranslationally interacts with nascent substrate proteins in vivo. J. Bacteriol. 199:JB.00622-16.

Huber, D., Rajagopalan, N., Preissler, S., Rocco, M. A., Merz, F., Kramer, G., et al. (2011). SecA interacts with ribosomes in order to facilitate posttranslational translocation in bacteria. Mol. Cell. 41, 343–353. doi: 10.1016/j.molcel.2010.12.028

Ishihama, A. (2012). Prokaryotic genome regulation: a revolutionary paradigm. Proc. Jpn. Acad Ser. B Phys. Biol. Sci. 88, 485–508. doi: 10.2183/pjab.88.485

Ivankov, D. N., Bogatyreva, N. S., Lobanov, M. Y., and Galzitskaya, O. V. (2009). Coupling between properties of the protein shape and the rate of protein folding. PLoS One 4:e6476. doi: 10.1371/journal.pone.0006476

Johnson, C. L., Solovyova, A. S., Hecht, O., Macdonald, C., Waller, H., Grossmann, J. G., et al. (2017). The Two-state prehensile tail of the antibacterial toxin colicin N. Biophys. J. 113, 1673–1684. doi: 10.1016/j.bpj.2017.08.030

Kim, Y. E., Hipp, M. S., Bracher, A., Hayer-Hartl, M., and Hartl, F. U. (2013). Molecular chaperone functions in protein folding and proteostasis. Annu. Rev. Biochem. 82, 323–355. doi: 10.1146/annurev-biochem-060208-092442

Kozlowski, L. P. (2016). IPC - isoelectric point calculator. Biol. Direct 11:55

Kyte, J., and Doolittle, R. F. (1982). A simple method for displaying the hydropathic character of a protein. J. Mol. Biol. 157, 105–132. doi: 10.1016/0022-2836(82)90515-0

Lemmin, T., Soto, C. S., Clinthorne, G., DeGrado, W., Dal, F., Peraro, M., et al. (2013). Assembly of the transmembrane domain of coli, E. PhoQ histidine kinase: implications for signal transduction from molecular simulations. PLoS Comput. Biol. 9:e1002878. doi: 10.1371/journal.pcbi.1002878

Lessen, H. J., Fleming, P. J., Fleming, K. G., and Sodt, A. J. (2018). Building blocks of the outer membrane: calculating a general elastic energy model for beta-barrel membrane proteins. J. Chem. Theor. Comput. 14, 4487–4497. doi: 10.1021/acs.jctc.8b00377

Leuenberger, P., Ganscha, S., Kahraman, A., Cappelletti, V., Boersema, P. J., von Mering, C., et al. (2017). Cell-wide analysis of protein thermal unfolding reveals determinants of thermostability. Science 355:eaai782. doi: 10.1126/science.aai7825.

Li, G. W., Burkhardt, D., Gross, C., and Weissman, J. S. (2014). Quantifying absolute protein synthesis rates reveals principles underlying allocation of cellular resources. Cell 157, 624–635. doi: 10.1016/j.cell.2014.02.033

Li, W., and Godzik, A. (2006). Cd-hit: a fast program for clustering and comparing large sets of protein or nucleotide sequences. Bioinformatics 22, 1658–1659. doi: 10.1093/bioinformatics/btl158

Likhacheva, N. A., Samsonov, V. V., Samsonov, V. V., and Sineoky, S. P. (1996). Genetic control of the resistance to phage C1 of Escherichia coli K-12. J. Bacteriol. 178, 5309–5315. doi: 10.1128/jb.178.17.5309-5315.1996

Lill, R., Lepier, A., Schwagele, F., Sprinzl, M., Vogt, H., Wintermeyer, W et al. (1988). Specific recognition of the 3’-terminal adenosine of tRNAPhe in the exit site of Escherichia coli ribosomes. J. Mol. Biol. 203, 699–705. doi: 10.1016/0022-2836(88)90203-3

Little, D. J., and Coombes, B. K. (2018). Molecular basis for CesT recognition of type III secretion effectors in enteropathogenic Escherichia coli. PLoS Pathog. 14:e1007224. doi: 10.1371/journal.ppat.1007224

Liu, J., Cao, W., and Lu, M. (2002). Core side-chain packing and backbone conformation in Lpp-56 coiled-coil mutants. J. Mol. Biol. 318, 877–888. doi: 10.1016/s0022-2836(02)00138-9

Lobley, A., Swindells, M. B., Orengo, C. A., and Jones, D. T. (2007). Inferring function using patterns of native disorder in proteins. PLoS Comput. Biol. 3:e162. doi: 10.1371/journal.pcbi.0030162.eor

Maier, R., Eckert, B., Scholz, C., Lilie, H., and Schmid, F. X. (2003). Interaction of trigger factor with the ribosome. J. Mol. Biol. 326, 585–592. doi: 10.1016/s0022-2836(02)01427-4

Maity, H., Maity, M., Krishna, M. M., Mayne, L., and Englander, S. W. (2005). Protein folding: the stepwise assembly of foldon units. Proc. Natl. Acad. Sci. U.S.A. 102, 4741–4746. doi: 10.1073/pnas.0501043102

Mallik, S., and, Kundu, S. (2013). A comparison of structural and evolutionary attributes of Escherichia coli and thermus thermophilus small ribosomal subunits: signatures of thermal adaptation. PLoS One 8:e69898. doi: 10.1371/journal.pone.0069898

Mateus, A., Bobonis, J., Kurzawa, N., Stein, F., Helm, D., Hevler, J., et al. (2018). Thermal proteome profiling in bacteria: probing protein state in vivo. Mol. Syst. Biol. 14:e8242. doi: 10.15252/msb.20188242

Matsuyama, S., Fujita, Y., Sagara, K., and Mizushima, S. (1992). Overproduction, purification and characterization of SecD and SecF, integral membrane components of the protein translocation machinery of Escherichia coli. Biochim. Biophys. Acta 1122, 77–84. doi: 10.1016/0167-4838(92)90130-6

McDonald, C., Jovanovic, G., Wallace, B. A., Ces, O., and Buck, M. (2017). Structure and function of PspA and Vipp1 N-terminal peptides: Insights into the membrane stress sensing and mitigation. Biochim Biophys Acta Biomembr 1859, 28–39. doi: 10.1016/j.bbamem.2016.10.018

Meszaros, B., Erdos, G., and Dosztanyi, Z. (2018). IUPred2A: context-dependent prediction of protein disorder as a function of redox state and protein binding. Nucleic Acids Res. 46, W329–W337.

Necci, M., Piovesan, D., Dosztanyi, Z., Tompa, P and Tosatto, S. C. E. (2018). A comprehensive assessment of long intrinsic protein disorder from the DisProt database. Bioinformatics 34, 445–452. doi: 10.1093/bioinformatics/btx590

Necci, M., Piovesan, D., and Tosatto, S. C. (2016). Large-scale analysis of intrinsic disorder flavors and associated functions in the protein sequence universe. Protein Sci 25, 2164–2174. doi: 10.1002/pro.3041

Niwa, T., Kanamori, T., Ueda, T., and Taguchi, H. (2012). Global analysis of chaperone effects using a reconstituted cell-free translation system. Proc. Natl. Acad. Sci. U.S.A. 109, 8937–8942. doi: 10.1073/pnas.1201380109

Niwa, T., Ying, B. W., Saito, K., Jin, W., Takada, S., Ueda, T., et al. (2009). Bimodal protein solubility distribution revealed by an aggregation analysis of the entire ensemble of Escherichia coli proteins. Proc. Natl. Acad. Sci. U.S.A. 106, 4201–4206. doi: 10.1073/pnas.0811922106

Nouaille, S., Mondeil, S., Finoux, A. L., Moulis, C., Girbal, L., Cocaign-Bousquet, M., et al. (2017). The stability of an mRNA is influenced by its concentration: a potential physical mechanism to regulate gene expression. Nucleic Acids Res. 45, 11711–11724. doi: 10.1093/nar/gkx781

Oh, E., Becker, A. H., Sandikci, A., Huber, D., Chaba, R., Gloge, F., et al. (2011). Selective ribosome profiling reveals the cotranslational chaperone action of trigger factor in vivo. Cell 147, 1295–1308. doi: 10.1016/j.cell.2011.10.044

Orfanoudaki, G., and, Economou, A. (2014). Proteome-wide sub-cellular topologies of E.coli polypeptides database (STEPdb). Mol. Cell. Proteomics 13, 3674–3687. doi: 10.1074/mcp.o114.041137

Orfanoudaki, G., Markaki, M., Chatzi, K., Tsamardinos, I., and Economou, A. (2017). MatureP: prediction of secreted proteins with exclusive information from their mature regions. Sci. Rep. 7:3263.

Paliy, O., Gargac, S. M., Cheng, Y., Uversky, V N., and Dunker, A. K. (2008). Protein disorder is positively correlated with gene expression in Escherichia coli. J. Proteome Res. 7:2234–2245. doi: 10.1021/pr800055r

Papanastasiou, M., Orfanoudaki, G., Koukaki, M., Kountourakis, N., Sardis, M. F., Aivaliotis, M., et al. (2013). The Escherichia coli peripheral inner membrane proteome. Mol. Cell. Proteomics 12, 599–610

Parlitz, R., Eitan, A., Stjepanovic, G., Bahari, L., Bange, G., Bibi, E., et al. (2007). Escherichia coli signal recognition particle receptor FtsY contains an essential and autonomous membrane-binding amphipathic helix. J. Biol. Chem. 282, 32176–32184. doi: 10.1074/jbc.m705430200

Patel, R., Smith, S. M., and Robinson, C. (2014). Protein transport by the bacterial tat pathway. Biochim. Biophys. Acta 1843, 1620–1628. doi: 10.1016/j.bbamcr.2014.02.013

Peng, Z., Oldfield, C. J., Xue, B., Mizianty, M. J., Dunker, A. K., Kurgan, L., et al. (2014). A creature with a hundred waggly tails: intrinsically disordered proteins in the ribosome. Cell Mol. Life. Sci. 71, 1477–1504. doi: 10.1007/s00018-013-1446-6

Piovesan, D., Tabaro, F., Micetic, I., Necci, M., Quaglia, F., Oldfield, C. J., et al. (2017). DisProt 7.0: a major update of the database of disordered proteins. Nucleic Acids Res. 45, D1123–D1124

Piovesan, D., Tabaro, F., Paladin, L., Necci, M., Micetic, I., Camilloni, C., et al. (2018). MobiDB 3.0: more annotations for intrinsic disorder, conformational diversity and interactions in proteins. Nucleic Acids Res. 46, D471–D476

Plaxco, K. W., Simons, K. T., and Baker, D. (1998). Contact order, transition state placement and the refolding rates of single domain proteins. J. Mol. Biol. 277, 985–994. doi: 10.1006/jmbi.1998.1645

Prehna, G., Zhang, G., Gong, X., Duszyk, M., Okon, M., McIntosh, L. P., et al. (2012). A protein export pathway involving Escherichia coli porins. Structure 20, 1154–1166. doi: 10.1016/j.str.2012.04.014

Quan, S., Koldewey, P., Tapley, T., Kirsch, N., Ruane, K. M., Pfizenmaier, J., et al. (2011). Genetic selection designed to stabilize proteins uncovers a chaperone called Spy. Nat. Struct. Mol. Biol. 18, 262–269. doi: 10.1038/nsmb.2016

Raimondi, D., Orlando, G., Pancsa, R., Khan, T., and Vranken, W. F. (2017). Exploring the sequence-based prediction of folding initiation sites in proteins. Sci Rep. 7:8826

Raivio, T. L., Popkin, D. L., and Silhavy, T. J. (1999). The Cpx envelope stress response is controlled by amplification and feedback inhibition. J. Bacteriol. 181, 5263–5272.

Rawlings, A. E. (2016). Membrane proteins: always an insoluble problem? Biochem. Soc. Trans. 44, 790–795. doi: 10.1042/bst20160025

Roderer, D., and R. Glockshuber. (2017). Assembly mechanism of the alpha-pore-forming toxin cytolysin A from Escherichia coli. Philos. Trans. R. Soc. Lond. B Biol. Sci. 372: 20160211. doi: 10.1098/rstb.2016.0211

Rogov, V. V., Rogova, N. Y., Bernhard, F., Lohr, F., and Dotsch, V. (2011). A disulfide bridge network within the soluble periplasmic domain determines structure and function of the outer membrane protein RCSF. J. Biol. Chem. 286, 18775–18783. doi: 10.1074/jbc.m111.230185

Saio, T., Guan, X., Rossi, P., Economou, A., and Kalodimos, C. G. (2014). Structural basis for protein antiaggregation activity of the trigger factor chaperone. Science 344:1250494. doi: 10.1126/science.1250494

Santra, M., Farrell, D. W., and Dill, K. A. (2017). Bacterial proteostasis balances energy and chaperone utilization efficiently. Proc. Natl. Acad. Sci. U.S.A. 114, E2654–E2661

Saraogi, I., D. Akopian, and Shan, S. O. (2014). Regulation of cargo recognition, commitment, and unloading drives cotranslational protein targeting. J. Cell Biol. 205, 693–706. doi: 10.1083/jcb.201311028

Sardis, M. F., Tsirigotaki, A., Chatzi, K. E., Portaliou, A. G., Gouridis, G., Karamanou, S, A., et al. (2017). Preprotein conformational dynamics drive bivalent translocase docking and secretion. Structure 25, 1056.e6–1067 e6

Schibich, D., Gloge, F., Pohner, I., Bjorkholm, P., Wade, R. C., von Heijne, G et al. (2016). Global profiling of SRP interaction with nascent polypeptides. Nature 536, 219–223. doi: 10.1038/nature19070

Schmidt, A., Kochanowski, K., Vedelaar, S., Ahrne, E., Volkmer, B., Callipo, L., et al. (2016). The quantitative and condition-dependent Escherichia coli proteome. Nat. Biotechnol. 34, 104–110. doi: 10.1038/nbt.3418

Schwartz, R., Ting, C. S., and King, J. (2001). Whole proteome pI values correlate with subcellular localizations of proteins for organisms within the three domains of life. Genome Res. 11, 703–709. doi: 10.1101/gr.gr-1587r

Sean Peacock, R., Weljie, A. M., Peter Howard, S., Price, F. D., and Vogel, H. J. (2005). The solution structure of the C-terminal domain of TonB and interaction studies with TonB box peptides. J. Mol. Biol. 345, 1185–1197. doi: 10.1016/j.jmb.2004.11.026

Serohijos, A. W., Rimas, Z., and Shakhnovich, E. I. (2012). Protein biophysics explains why highly abundant proteins evolve slowly. Cell Rep. 2, 249–256. doi: 10.1016/j.celrep.2012.06.022

Silhavy, T. J., D. Kahne, and S. Walker. (2010). The bacterial cell envelope. Cold Spring Harb. Perspect. Biol. 2:a000414.

Smith, D. R., and Chapman, M. R. (2010). Economical evolution: microbes reduce the synthetic cost of extracellular proteins. MBio 1:e00131–10

Smith, M. N., Kwok, S. C., Hodges, R. S., and Wood, J. M. (2007). Structural and functional analysis of ProQ: an osmoregulatory protein of Escherichia coli. Biochemistry 46, 3084–3095. doi: 10.1021/bi6023786

Smock, R. G., Blackburn, M. E., and Gierasch, L. M. (2011). Conserved, disordered C terminus of DnaK enhances cellular survival upon stress and DnaK in vitro chaperone activity. J. Biol. Chem. 286, 31821–31829. doi: 10.1074/jbc.m111.265835

Solbiati, J., Chapman-Smith, A., Miller, J. L., Miller, C. G. and Cronan, J. E. Jr. (1999). Processing of the N termini of nascent polypeptide chains requires deformylation prior to methionine removal. J. Mol. Biol. 290, 607–614. doi: 10.1006/jmbi.1999.2913

Soufi, B., Krug, K., Harst, A., and Macek, B. (2015). Characterization of the E. coli proteome and its modifications during growth and ethanol stress. Front. Microbiol. 6:103. doi: 10.3389/fmicb.2015.00103.

Sung, M. T., Lai, Y. T., Huang, C. Y., Chou, L. Y., Shih, H. W., Cheng, W. C., et al. (2009). Crystal structure of the membrane-bound bifunctional transglycosylase PBP1b from Escherichia coli. Proc. Natl. Acad. Sci. U.S.A. 106, 8824–8829. doi: 10.1073/pnas.0904030106

Taniguchi, Y., Choi, P. J., Li, G. W., Chen, H., Babu, M., Hearn, J., et al. (2010). Quantifying E. coli proteome and transcriptome with single-molecule sensitivity in single cells. Science 329, 533–538. doi: 10.1126/science.1188308

Taylor, W. R. (1986). The classification of amino acid conservation. J. Theor. Biol. 119, 205–218. doi: 10.1016/s0022-5193(86)80075-3

Tompa, P., Dosztanyi, Z., and Simon, I. (2006). Prevalent structural disorder in E. coli and S. cerevisiae proteomes. J. Proteome. Res. 5, 1996–2000. doi: 10.1021/pr0600881

Tsirigotaki, A., Chatzi, K. E., Koukaki, M., De Geyter, J., Portaliou, A. G., Orfanoudaki, G., et al. (2018). Long-lived folding intermediates predominate the targeting-competent secretome. Structure 26, 695.e5–707.e5

Tsirigotaki, A., De Geyter, J., Sostaric, N., Economou, A., and Karamanou, S. (2017). Protein export through the bacterial Sec pathway. Nat. Rev. Microbiol. 15, 21–36. doi: 10.1038/nrmicro.2016.161

Uemura, E., Niwa, T., Minami, S., Takemoto, K., Fukuchi, S., Machida, K., et al. (2018). Large-scale aggregation analysis of eukaryotic proteins reveals an involvement of intrinsically disordered regions in protein folding. Sci. Rep. 8:678

Uversky, V. N. (2016). Paradoxes and wonders of intrinsic disorder: complexity of simplicity. Intrinsically Disord. Proteins. 4:e1135015. doi: 10.1080/21690707.2015.1135015

Uversky, V. N. (2019). Intrinsically disordered proteins and their “mysterious” (meta)physics. Front. Phys. 7:10. doi: 10.3389/fphy.2019.00010

van der Lee, R., Buljan, M., Lang, B., Weatheritt, R. J., Daughdrill, G. W., Dunker, A. K., et al. (2014). Classification of intrinsically disordered regions and proteins. Chem. Rev. 114, 6589–6631

Van Gerven, N., Klein, R. D., Hultgren, S. J., and Remaut, H. (2015). Bacterial amyloid formation: structural insights into curli biogensis. Trends Microbiol. 23, 693–706. doi: 10.1016/j.tim.2015.07.010

Vicente, M., and Rico, A. I. (2006). The order of the ring: assembly of Escherichia coli cell division components. Mol. Microbiol. 61, 5–8. doi: 10.1111/j.1365-2958.2006.05233.x

Wah, D. A., Levchenko, I., Rieckhof, G. E., Bolon, D. N., Baker, T. A., Sauer, R. T., et al. (2003). Flexible linkers leash the substrate binding domain of SspB to a peptide module that stabilizes delivery complexes with the AAA+ ClpXP protease. Mol. Cell. 12, 355–363. doi: 10.1016/s1097-2765(03)00272-7

Walsh, I., Giollo, M., Di Domenico, T., Ferrari, C., Zimmermann, O., Tosatto, S. C., et al. (2015). Comprehensive large-scale assessment of intrinsic protein disorder. Bioinformatics 31, 201–208. doi: 10.1093/bioinformatics/btu625

Walton, T. A., and Sousa, M. C. (2004). Crystal structure of Skp, a prefoldin-like chaperone that protects soluble and membrane proteins from aggregation. Mol. Cell. 15, 367–374. doi: 10.1016/j.molcel.2004.07.023

Wang, M., Herrmann, C. J., Simonovic, M., Szklarczyk, D., and von Mering, C. (2015). Version 4.0 of PaxDb: protein abundance data, integrated across model organisms, tissues, and cell-lines. Proteomics 15, 3163–3168. doi: 10.1002/pmic.201400441

Wang, S., Yang, C. I., and Shan, S. O. (2017). SecA mediates cotranslational targeting and translocation of an inner membrane protein. J. Cell Biol. 216, 3639–3653. doi: 10.1083/jcb.201704036.

Wilson, D., Madera, M., Vogel, C., Chothia, C. and Gough, J. (2007). The SUPERFAMILY database in 2007: families and functions. Nucleic Acids Res. 35, D308–D313.

Wimley, W. C. (2003). The versatile beta-barrel membrane protein. Curr. Opin. Struct. Biol. 13, 404–411. doi: 10.1016/s0959-440x(03)00099-x

Zhou, J., and Dunker, A. K. (2018). Regulating protein function by delayed folding. Structure 26, 679–681. doi: 10.1016/j.str.2018.04.011.

Zuckert, W. R. (2014). Secretion of bacterial lipoproteins: through the cytoplasmic membrane, the periplasm and beyond. Biochim. Biophys. Acta 1843, 1509–1516. doi: 10.1016/j.bbamcr.2014.04.022

Conflict of Interest Statement: IT is a consultant for company Gnosis Data Analysis PC.
The remaining 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 © 2019 Loos, Ramakrishnan, Vranken, Tsirigotaki, Tsare, Zorzini, De Geyter, Yuan, Tsamardinos, Klappa, Schymkowitz, Rousseau, Karamanou and Economou. 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/fmicb-10-01670-g003.jpg





OPS/images/fmicb-10-01670-g002.jpg





OPS/images/fmicb-10-01670-g005.jpg
$
g i!;%

[ e |oven o i smcot sy ron
2 o sty o






OPS/images/fmicb-10-01670-g004.jpg
5.8 8. % 8 o E
<[ sv swopodxe S 8
o| v swowsejdoyfo [/ M
|z [soL swopodxe 8
22
—|leee | sok awowseldoo ¢ 2
W (SPIoy I8 Jo %) Spioj e[gnjos —
8 8 8 8 8 o
< v [k surejoud pioyu |3
=3
“lo g [z6L [ 251 suiejoud poy-| |5
3 e
~ m.m (pv. [est suejoid pjoju |_
~lom [oz [eat suisjoud pjoj-| | ©
- (spioy Iie Jo %) splod 3
o
o __M_J._an ﬁm._ma wﬂo_ jo mOnEw?,« =
oo Ny v .9 9
[ dINO pe3eIoes
_ (dNO-) pajaicas
I swoueiquisw
[ swopodxe
o .m dINO pajeioss
83 (dINO-) pajesdes
w2 [ |ewoueiquaw
.m w swiopodxa
S o
Q
°38 8 8 9 8 of
_ Ell <o b=
o
o (%) sploj umouy ywm sutejoid Z1-3 &
ulajoud Jad spjo} Jo abelany
co © o W 9o W
o d9 N = T T .9
i e s
20 ) =
s E t 5 B
E8 8 o o g
0= © Y m < m (=} » kel
(o) w' L L I h L s ...lm
m,_ 89 orsl o <
@ (%) SPloy umowst um susjoud Z|-y & a
. v & T b
2 3
Sof 5 EENERSSI oanos
% - wﬁ%& e |
<« (g0l) spio} paiuap! yym suisjoid z |- #

2 3 4 5 6 7 8 1 2 3 4 5 6 7
oa B oot o B a/BotP

2 3 4 5 6 7 8 9 10 11 12 1
["] cytoplasmome [l secretome

1

|

oa B oot a B a/BotP
J

]
|

I

80
170
L 60
50
40
130
20
L10
Lo

a B o/Botf a B oa/PotP o B o/Bo+P

=
=

(%) ABojodoy iad spjo} s|gnjos |e
/ SPIo} ®[gnjos pajedipu]

rare

frequent

rare

frequent

unique

unique

shared

shared

all

folds:

ul

a
. &
°
=
o %)
~
-l
3 A
eb
o 0
g8 3
o8 1<}
)
58
>0
gz M3
= )
Cm w
E
d b
.m \%
&
+
Q Q
£z & o
22 5 3
i} ° o
S0 = O
o w [3) ]
+ 1 4+ 0 4

- N O < v ©

L
(%) sploy pajesipul
|jejo} / dnoib yoee
punoj spjoj pajedlpu]






OPS/images/fmicb-10-01670-g001.jpg
>

Periplasm

Cytoplasm IM

Nucleoid

OM Extra-cellular

-35.2

100%

)
9!

ép}n Folders SS OX|dat|on ollgomers B

\ prosthetlc group /M

Lipo R N/ﬁ@ P2, metals g2

proteins hee\F IDP
helix

% / targeting, acylatlon signal  content

Mis-folding/
Aggregation






OPS/images/cross.jpg
3,

i





OPS/images/fmicb-10-01670-t001.jpg
Features used

71
parameters + 8
disorder
parameters

71 parameters
8 disorder
parameters

Average AUC ROC
Curve

0.955 (0.942, 0.968)

0.955 (0.941, 0.967)
0.783 (0.754, 0.811)

Accuracy

0.931 (0.920, 0.942)

0.938 (0.925, 0.949)
0.796 (0.777, 0.814)

Precision for class
“Cytoplasmic”

0.910(0.885, 0.936)

0.913 (0.889, 0.941)
0.837 (0.821, 0.853)

Precision for class
“Secreted”

0.794 (0.745, 0.840)

0.848 (0.801, 0.891)
0.414 (0.367, 0.457)

Reference

This study,
Supplementary
Table $18

“This study
This study

Protein structural features in diferent combinations and their performance in contributing to differentiating between subcellular topology groups using the JAD Bio machine
learning tool (Borboudiakis et al,, 2017) and Supplementary Table S18. Accuracy describes all correctly classified cases, while precision describes only the true positives
among all the positive cases. Seventy-one parameters define the features as determined in Supplementary Tables S3, S9, excluding the eight disorder related features,
which are treated as a separate class. Disorder parameters are [Upred?2 score (normalized by length), IDRs per 100 amino acids, their coverage of the protein length (in
%), their average length and score per protein and disorder group classification (IDP or IDR or no IDRs predicted). Shown are average of each score, followed by 2.5%
low confidence and 97.5% upper confidence shown in brackets. aas, amino acids; AUC ROC, area under the receiver operating characteristic curve.





OPS/images/cover.jpg
, frontiers
in Microbiology

Structural Basis of the Subcellular
Topology Landscape of
Escherichia coli









OPS/images/logo.jpg
' frontiers
in Microbiology





OPS/images/fmicb-10-01670-g007.jpg





OPS/images/fmicb-10-01670-g006.jpg
Change in protein abundance in 13 »

m

Abundance

Transport-related Topology

Proteostasis

R k Low |} Moderate {
o 1, Very
-
Ve
30.84" low
(7]
:.i', -
o _
.90'6
© y
b
1 i T T
C
.0 g
=
el
c 0.2
[e]
o -
o = [
% S
) 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
# proteins
ot veryov | IR
abundance
Essential proteins|21.0 26.6 235 8.5 Loetflggsgzt;ms
*kk T T T T T T T T T | T T T T T T
0 20 40 60 801000 20 40 60 801000 20 40 60 801000 20 40 60 80 100 (%)
& Kk 1 average aas
Protein length | .292‘. | | '36l‘ | _ 32?\ | _ 3.57‘. g o
0 100 200 300 400 O 100 200 300 400 0O 100 200 300 400 0 100 200 300 400 ,
normalized
Disorder*** 0.267 | 0.260 | 0.250 | 0.223 | |Upred2
0 01 02 030 01 02 030 01 02 030 01 02 03°°r€
*kk
" .LB| 2083 2590 4433 [ ] 714 ————
+
gll,:gég:*** 1965 2196 2441 |]54 cell
L 0 1000 2000 30004000 0O 1000 2000 30004000 0 1000 2000 3000 4000 0O 1000 2000 30004000
Cytoplasmome 795] 77.3] 756 63.7
IM*+*[] 5.3 BEE [ ] 124 219
Secretome| | 15.2 [ | 134 [ ]120 | | 144
L 0 20 40 60 801000 20 40 60 801000 20 40 60 801000 20 40 60 80100
Transporter| 6.9 8.4 10.2 15.8
0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25
Receptor| 0.0 0.2 0.5 1.0 % of total
T T T T T T T T T T T T T T T T proteins
— 0 1 2 3 4 50 1 2 3 4 50 1 2 3 4 50 1 2 3 4 5| jo0
Tenserpton 8| 1 Bz
0 5 10 15 20 250 5 10 15 20 250 5 10 15 20 250 5 10 15 20 25
Antioxidant 3.1 1.7 [ Jor 0.0
Signal
transducer I [ 14] | 15] [1.0]
Translelltlon 19 12 1.8 0.0
regulator
Proteases 49/ 45 1.8 [ ]os
L 0 1 2 3 4 5 1 2 3 4 50 1 2 3 4 5 1 2 3 4 5






OPS/images/fmicb-10-01670-g008.jpg
IM Periplasm OM

Cytoplasm

Nucleoid

IN OuT

K VERY STABLE
FINAL STRUCTURE,
SLOW FOLDING

Tm

Folds: B,

frequent,shared

STABLE FLEXIBLE

FINAL STRUCTURE, INTERMEDIATE
FAST FOLDING STRUCTURE
Multi-domain, oligomerization rCO
Folds: o/, rare, unique disorder
aa: charged, hydrophobic aa: small, polar
i Foldases MRNA. 1,5
A Backbone dynamics

{é% :;'TF : Folding (foldons)
Folder APR, Hydrophobic regions

[——NO YESJ length

N IDP —‘;XPOH‘ signal,  aa: aliphatic, aromatic
ehaperones mRNA concentration






