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ABSTRACT

Protein production using processed cell lysates is a core technology in synthetic biology and these systems are excellent to produce difficult toxins or membrane proteins. However, the composition of the central lysate of cell-free systems is still a black box. Escherichia coli lysates are most productive for cell-free expression, yielding several mgs of protein per ml of reaction. Their preparation implies proteome fractionation, resulting in strongly biased and yet unknown lysate compositions. Many metabolic pathways are expected to be truncated or completely removed. The lack of knowledge of basic cell-free lysate proteomes is a major bottleneck for directed lysate engineering approaches as well as for assay design using non-purified reaction mixtures.
	This study is starting to close this gap by providing a blueprint of the S30 lysate proteome derived from the commonly used E. coli strain A19. S30 lysates are frequently used for cell-free protein production and represent the basis of most commercial E. coli cell-free expression systems. A fraction of 821 proteins was identified as the core proteome in S30 lysates, representing approximately a quarter of the known E. coli proteome. Its classification into functional groups relevant for transcription/translation, folding, stability and metabolic processes will build the framework for tailored cell-free reactions. As an example, we show that SOS response induction during cultivation results in tuned S30 lysate with better folding capacity, and improved solubility and activity of synthesized proteins. The presented data and protocols can serve as platform for the generation of customized cell-free systems and product analysis.
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INTRODUCTION

During the last two decades, cell-free expression has become a standard platform complementing well established in vivo protein production systems. The inherently open nature of cell-free protein synthesis offers manifold options to enable efficient production of soluble as well as membrane proteins [1-5]. Due to the lack of boundaries like a cell-wall or cell-membranes, customized artificial expression environments by adding ligands, co-factors or hydrophobic compounds [6-10] can easily be generated. Difficult proteins having problems in solubility, folding or assembly are preferred targets for cell-free expression. Combinatorial labelling of proteins [11, 12], site-specific insertion of non-natural amino acids [13, 14] and the production of toxins or membrane proteins in artificial environments [15, 16] are further frequent applications. Nevertheless, significant limitations either for production or for rapid product quality analysis still exist due to background activities present in the cell-free reaction lysates. 

Very efficient and most frequently used for cell-free expression are lysates prepared from E. coli cells. The lysate preparation has been optimized for high translation efficiency and includes harvesting at logarithmic growth phase and fractionation by different centrifugal forces. Very frequent is centrifugation at 30,000 x g resulting in the S30 lysate [17-20]. Furthermore, extensive dialysis and other processing steps result in the precipitation of less stable lysate proteins. The final proteome composition of the S30 lysate as the main system component is thus unknown. However, such knowledge would be valuable for refined processes such as eliminating or suppressing critical enzymes for specific assay development directly in the reaction lysates, implementing sets of identified enzymes for directed product modification or complementing truncated pathways for supporting product formation or quality. In order to address some of these problems, the PURE cell-free expression system has previously been developed by reconstituting the E. coli translation machinery from individually purified components [21]. However, the low expression efficiency indicates that protein production is significantly supported by complex interactions of various lysate components. Proteomic studies of more complex but highly efficient lysates such as S30 are therefore necessary to enable preparative scale product formation in defined environments and to open up new possibilities for tuning reaction conditions and finally for the improvement of product quality [22]. This study presents the first proteome analysis of the highly productive S30 lysate based on the E. coli K12-derivative A19, a primary source for cell-free lysate preparation [20]. 
The analyzed S30 lysates were prepared by optimized protocols that have already resulted in the production of numerous proteins for structural and functional characterization [4, 18, 22]. However, we further paid attention to cultivation conditions that lead to dynamic proteome changes of E. coli cells in adaption to e.g. stress or starvation [23, 24]. Exposure of E. coli A19 cells to a temperature shift and ethanol induces the SOS response resulting in an increased production of folding chaperones and other potentially beneficial compounds [25]. We have exemplified such an S30 lysate tuning and present a quantitative proteome analysis of S30-S lysates derived from E. coli cells grown under SOS response inducing conditions [26, 27]. The modified S30-S lysate proteomes were characterized according to (i) regulated proteome composition, (ii) protein production efficiency using a standard reporter protein and (iii) folding efficiency of various difficult-to-express model proteins. 
Two standard proteomics approaches were implemented to address different underlying questions. First, our main purpose was the qualitative proteome analysis of the standard S30 lysate by focusing on the most sensitive identification strategy to provide an as complete as possible S30 lysate blueprint. The result was the identification of 1074 proteins containing a core of 821 protein repeatedly identified in different S30 lysate preparations. The averaged values of the so-called exponentially modified protein abundance index (emPAI) were taken to provide an approximate and relative abundance estimation of each protein in the lysate, based on the number of sequenced peptides per protein (protein coverage). Second, a quantitative proteomics analysis was performed by focusing on the identification of up- and down-regulated proteins in standard S30 lysates relative to S30 lysates derived from E. coli cells after inducing a SOS response (S30-S). The comparison of two distinct S30 lysate samples allows the usage of a so-called isotope-coded protein labelling (ICPL) strategy resulting in a defined mass difference of peptides of the same protein derived from either S30 or S30-S lysate. As these peptides are simultaneously analyzed, the measured intensity is used to quantify proteins from different samples relative to each other. The ICPL strategy is therefore suitable to identify regulated proteins, while the emPAI value compares different proteins in the same sample based on protein coverage and is thus used to estimate the overall protein diversity and abundance [28, 29]. The general validity of the emPAI value as an approximate estimation of protein abundance is accepted and it is routinely used [30-32]. Nevertheless, protein characteristics such as ionizability or hydrophobicity can influence this value in individual cases and this should be considered upon interpretation. The ICPL strategy compares only identical peptides or proteins of different samples simultaneously and is therefore not protein dependent. However and in contrast to the emPAI values, ICPL provides no quantitative information about different proteins within a lysate sample and is therefore not suitable for an overview study of total protein composition.
This study provides, for the first time, a qualitative analysis of the cell-free S30 lysate proteome including approximate and relative quantitation of the majority of identified proteins based on the emPAI value [29]. In addition, we provide a thorough insight into up- and down-regulated proteins of the S30 lysate proteome following the SOS response during cultivation of the E. coli source cells relative to standard S30 lysate, using the quantitative isotope-coded protein labelling (ICPL) strategy [33]. The presented data can serve as a guideline for future protein expression strategies in view of assay development, streamlined production and fine-tuning of product quality. Addressing identified precursor degrading enzymes or proteases as well as removing apparent bottlenecks within the enzymatic network necessary for protein biosynthesis by directed optimization could result into increased productivity of cell-free expression systems. The report will help to render cell-free protein production a more reliable technique with higher precision, thus making the folding, assembly and quality control of newly synthesized proteins more predictable. Applications of systems biology such as rebuilding synthetic networks or designing artificial circuits by directed engineering will further profit from the precise knowledge of the S30 lysate proteome background. 


MATERIALS AND METHODS

Materials and Reagents - All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) or Carl Roth (Karlsruhe, Germany) unless otherwise indicated. The E. coli strain A19 (CGSC# 5997; chromosomal markers: rna-19, gdhA2, his-95, relA1, spoT1, metB1 [34]) was obtained from E. coli Genetic Stock Centre (Yale University, CT, USA). Serva ICPL Kit (Cat.# 39230.01) was used for ICPL reaction for quantitative proteomics experiments.

Cloning of apiRBP-sfGFP - An uncharacterized RNA Binding Protein (RBP) from Plasmodium vivax SaI-1 (NCBI Reference Sequence: XM_001616500.1, residues 33-134) was expressed from a modified pET21a(+) vector that included a C-terminal GFP-tag. Cloning was performed using the Infusion cloning kit (Clontech) following the manufacturer’s instructions. Primer sequences are available upon request.

Cell-Free Lysate Preparation - All lysates were prepared from E. coli strain A19. For S301-4 lysates, 10 L of YPTG medium (10 g/L yeast extract, 16 g/L tryptone, 5 g/L NaCl) supplemented with 100 mM of glucose and potassium phosphate buffer (22 mM KH2PO4, 40 mM K2HPO4) were inoculated with a fresh preculture grown in LB medium in a ratio of 1:100 and incubated in a fermenter at 37°C with vigorous stirring at 500 rpm and good aeration [20, 359. As soon as the cells reached mid log growth phase (OD600 4.0 – 5.0), the culture broth was cooled down to 20-18°C. For the generation of the stress lysates (S30-S), 300 mL ethanol were added at OD600 of 4.0 and the fermentation temperature was increased to 42°C for 45 min before chilling to 20-18°C (Figure 1A). The chilled cells were harvested by centrifugation (6,000 x g for 20 min at 4°C) and cell pellets were washed three times with ice-cold buffer A (10 mM Tris-acetate, pH 8.2, 14 mM Mg(OAc)2, 60 mM KCl, 6 mM β-mercaptoethanol). The pellets were suspended in 110% (v/w) of ice-cold buffer B (10 mM Tris-acetate, pH 8.2, 14 mM Mg(OAc)2, 60 mM KCl, 1 mM DTT, 1 mM phenlymethylsulfonylfluorid (PMSF)) and disrupted by mechanical force using high-pressure homogenization. The lysate was centrifuged twice for 30 min at 30,000 x g. The supernatant was collected and adjusted to a final concentration of 400 mM NaCl and incubated for 45 min at 42°C with subsequent dialysis (MWCO of 12-14 kDa) against 5 L ice-cold buffer C (10 mM Tris-acetate, pH 8.2, 14 mM Mg(OAc)2, 60 mM KOAc, 0.5 mM DTT (freshly prepared)). Dialysis was initially carried out for ~3 h and followed by buffer exchange (5 L buffer C) and dialysis overnight. The lysate was finally centrifuged at 30,000 x g for 30 min to remove precipitates. The clarified lysate was flash-frozen in liquid nitrogen and stored at -80°C.

Cell-Free Protein Production - Synthesis of proteins using cell-free lysates based on T7-polymerase transcription was carried out in a two-compartment configuration as described previously [20, 35, 36]. Protein production was conducted on an analytical scale with 55 µL of reaction mixture and 825 µL of feeding mixture. Reactions were performed in customized mini dialyzer devices [36] placed into standard 24-well cell-culture plates. Reaction and feeding mixtures were separated by a dialysis membrane with a 12-14 MWCO. Reactions were allowed to proceed for 12-16 h at 30°C at 200 rpm shaking.

GFP Fluorescence Analysis - Shifted GFP (sGFP) was used as a quantitative reporter to evaluate lysate performance and to quantitate the expression-level of sGFP-fusion proteins. The concentration of reporter protein in the soluble and the insoluble fraction was analyzed as described previously [37, 38]. After completed protein production, reaction mixtures were centrifuged (18,000 x g at 4°C for 10 min) to separate the soluble from the insoluble fraction. Following separation, samples were stored on ice for 1 h to allow complete maturation of sGFP. Pellets of reaction mixtures were resuspended in buffer C equal to the initial reaction mix volume. 297 µL of assay buffer (20 mM Tris-HCl pH 7.4, 150 mM NaCl) in black 96 well microtiter plates (96F Nunclon Delta Black Microwell SI, ON 137101 (Nunc, Langenselbold, Germany)) was mixed with 3 µL of either the soluble fractions or 3 µL of the resuspended pellet fractions. The GFP fluorescence was measured utilizing a TECAN Magellan plate reader (Tecan, Maennedorf/Zurich, Switzerland). Measurement parameters for excitation, emission and reads per well were set to 485 nm, 510 nm and 10, respectively. The GFP concentration was then determined using a reference curve generated with purified sGFP of known concentration [37, 38]. The soluble fraction [%] of sGFP fusion protein was defined as the ratio of sGFPsoluble over sGFPinsoluble.

HsGNA1 Activity Assay - The activity assay was performed as described previously [39, 40]. Briefly, after the synthesis reaction was completed, the mini-dialyzers were taken out of the cell-culture plates, the reaction mix was diluted inside the dialyzer with 55 µL of buffer E (50 mM Tris-HCl, pH 8.0) and then dialyzed against 2 L of buffer E at 4°C for 2 h. The soluble and the insoluble fractions were then separated by centrifugation (18,000 x g at 4°C for 10 min) and the GFP concentration was determined as described above. The activity assay was performed in transparent 96-well flat bottom plates. 50 µL of reaction buffer (50 mM Tris-HCl, pH 8.0, 500 µM D-glucosamine 6-phosphate (GlcN6P), 500 mM acetyl-CoA, 5 mM MgCl2, 10% glycerol) was mixed with a sample aliquot containing 0.4 µg GNA1-sfGFP. The reaction was incubated for 5 min at 30°C on a heated plate shaker and terminated by the addition of 50 µL stop solution (50 mM Tris-HCl, pH 8.0, 6.4 M guanidine hydrochloride). The stop reaction was allowed to proceed for 5 min at RT. To detect the amount of produced CoA, 50 µL of color reaction buffer (50 mM Tris-HCl, pH 8.0, 1 mM EDTA, 200 µM 5,5’-dithiobis(2-nitrobenzoic acid (DTNB)) was added and 4-nitrophenolate formation was measured at 412 nm in a microplate reader (Fisher Scientific, Schwerte, Germany). For background subtraction, equal volumes of reaction mixture containing no DNA template were used.

GeLC-MS/MS Analysis using MALDI-TOF/TOF - 
Sample preparation: The protein concentration of S30 lysates was determined by Bradford assay to be within the range of 30-35 mg/mL. Lysate samples were diluted to a concentration of 5 mg/mL. A 5-fold excess of ice-cold acetone was added to 400 µg of protein (in a volume of 80 µL) and proteins were precipitated overnight at -20°C. Precipitated protein was pelleted by centrifugation (20,000 x g at 4°C for 15 min) and washed once with 80% ice-cold acetone. After centrifugation (20,000 x g at 4°C for 5 min), the supernatant was discarded and the pellet was air-dried for 5 min at RT to remove residual acetone. For qualitative GeLC-MS/MS analysis the protein pellet (400 µg) was directly dissolved in 25 mM sodium-bicarbonate containing 4 M urea and the protein concentration re-determined by Bradford assay using BSA in 25 mM sodium-bicarbonate and 4 M urea as reference. For quantitative GeLC-MS/MS analysis, the protein pellet (400 µg) was dissolved in 30 µL of lysis buffer (guanidine-HCl containing buffer as provided by Serva ICPL Kit) and the protein concentration was once again determined by Bradford assay using BSA in lysis buffer as a reference. Accordingly, 100 µg were transferred into a new reaction tube and lysis buffer was added to a final volume of 20 µL. Then, cysteine residues were reduced and alkylated followed by the labelling reaction with ICPL according to the manufacturer’s instructions (Serva ICPL Kit). The labelled and combined protein samples were precipitated as described previously using 5-fold excess of acetone. The resulting protein pellet was dissolved in 25 mM sodium-bicarbonate containing 4 M urea and the protein concentration was determined by Bradford assay.

Separation by SDS-PAGE: To reduce the complexity of the sample for qualitative and quantitative analysis, 50 µg of protein (dissolved in 25 mM sodium-bicarbonate in 4 M urea) were mixed with Laemmli buffer, heated to 40°C for 5 min and separated by 10% SDS-PAGE (migration distance ~5 cm). Each lane (Coomassie stained) was cut into twelve equal fractions and every fraction was further cut into ~1 mm3 pieces in preparation for in-gel digestion by trypsin (Pierce trypsin protease, 90057). Destaining and washing of gel pieces and digestion was performed following instructions of standard protocols for in-gel digestion (adapted from [41]). The gel pieces were covered in trypsin solution (25 ng/µl) in 25 mM sodium-bicarbonate. After digestion for 24 h at 37°C the reaction was terminated by the addition of 5 µL of 10% trifluoroacetic acid (TFA) and peptides were extracted according to standard protocols. Desalting of peptides was performed using C18 Ziptips (Millipore Ziptips, Z720046) and peptides were subsequently eluted in 3 µL 0.1% TFA/50% acetonitrile (ACN). The solvent was removed using a vacuum concentrator and the pellet was stored at –20°C.

LC separation and spotting: For LC separation, the peptide-pellets were dissolved in 20 µL 0.1% TFA/5% ACN and separated using reversed-phase Nano Liquid Chromatography (UltiMate 3000 nanoflow LC system, Dionex) equipped with pre-column (Dionex, Acclaim PepMap100, C18, 5 μm, 100 Å, 300 μm i.d. x 5 mm) in line with analytical column (Dionex, Acclaim PepMap100, C18, 5 μm, 100 Å, 75 μm i.d. x 25 cm) and Proteineer fc fraction collector (Bruker Daltonics, Germany). Peptides were initially desalted at a flow rate of 20 µL/min on the pre-column at 40°C, followed by separation at 300 nL/min and 40°C on the analytical column. The elution was conducted using linear gradient from 3-40% ACN in 0.1% TFA for 1.5 h. Column elution was mixed with α-cyano-4-hydroxycinnamic acid (HCCA) matrix solution (93.5% (v/v) 0.1% TFA/95% ACN; 4.5% saturated HCCA solution (HCCA in 0.1% TFA/90% ACN); 1% (v/v) 10% TFA; 1% (v/v) 100 mM NH4H2PO4) prior to depositing at a 10-sec interval directly on MTP AnchorChipTM 1536 BC between 18 and 93 min. Carryover between LC runs was minimized by running an idle circuit between runs. The calibrant in HCCA matrix solution (Peptide Calibration Standard II, Bruker Daltonics) was manually spotted afterwards.

Mass spectrometry analysis: The monoisotopic mass of peptides was determined using matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) (Bruker Ultraflex II TOF/TOF 200, Bruker Daltonics) using reflector mode in the mass range from 700-5,000 Da. Spectra were initially processed by FlexControl, FlexAnalysis 3.3 and WARP-LC software (Bruker Daltonics). Maximal 30 MS2 spectra per spot were acquired using LIFT mode based on a mass list generated from a selection of most intense peaks (signal/noise ratio  15) by WARP-LC after MS1 survey scans were completed. 
Raw MS1 and MS2 spectra were re-processed as profile using Mascot Distiller version 2.6.1 (Matrix Science, UK) using default processing parameters (default.Bruker.Baf.opt). MS2 spectra were submitted to an in-house Mascot Server version 2.6 (Matrix Science, UK) and searched against reference proteome of E. coli MG1655 (Uniprot Proteome ID: UP000000625, 4315 sequences, as downloaded on 19th of January 2017) and collections of common contaminants (MPI Martinsried, 247 sequences, as downloaded on 2nd of February 2016). The following search parameters were used for qualitative analysis: Allowing up to one missed cleavage, tolerance of 50 ppm for peptides and 0.5 Da for MS/MS, MALDI-TOF/TOF, enzyme: Trypsin, variable modifications: Oxidation (M), fixed modifications: Carbamidomethyl (C). For quantitative analysis after ICPL labelling, the same search parameters were used with additional variable modifications for light and heavy label, respectively: ICPL (K) and ICPL 13C (6) (K). For quantitative analysis, the median peptide ratio was determined using Mascot Distiller’s Quantitation Toolbox and the individual datasets were normalized to median = 0. The single peptide ratios were exported considering quality parameters (cutoff: Fraction 0.7; Correlation 0.9; Peptide Standard Error 0.1; only peptide sequences that were unique to one protein were used for quantitation). The individual datasets were further evaluated by InfernoRDN (Pan-omics software) using box- and correlations plots to identify problematic or outlier datasets. Positively evaluated datasets were combined and significantly regulated peptides were identified using permutation test implemented in “Quantitative proteomics p-value calculator (QPPC)” as described in detail elsewhere [42, 43]. The following parameters were used: Stage 1 (1,000 permutations; Outlier removal activated, threshold 30; p-value correction: FDR (Benjamini-Yekutieli)); Stage 2 (p-value cut-off 0.05; Fold-change cut-off 1.5). Only proteins regulated under both criteria (p-value cut-off 0.05 and fold-change cut-off 1.5) were considered significantly regulated. All assigned peptide sequences and peptide ratios of qualitative and quantitative datasets are listed in Table S1. The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE [44] partner repository with the dataset identifier PXD004646.

Experimental Design and Statistical Rationale - Qualitative MS analysis served solely to identify most prevalent proteins present in S30 lysates. For this purpose, we prepared four biological replicates (namely S301-4) according to standard protocol used in our lab [20]. The FDR (peptide-level) was estimated by searching the individual datasets against decoy database. The significance threshold for peptides was adjusted accordingly to reach an FDR (peptide-level)  1%. The FDR (protein level) was then estimated based on protein hits in the decoy database and the dataset was filtered using the Mascot Score to set an FDR (protein level)  1%. Quantitative MS analysis was carried out to identify and quantitate up- and down regulated proteins relative to standard lysate (S301). The standard lysate (S301) and three biological replicates of heat shock lysates (S30-S), namely S30-S1, S30-S2 and S30-S3, were prepared according to the same lysate preparation protocols. As ratios did not follow a normal distribution, we used a permutation test [42, 43] that is distribution independent to assess significantly changed peptide ratios. 

Gene Ontology (GO)-Analysis – The GO analysis was performed using Cytoscape (version 3.4.0) and the plugin ClueGO (version 2.3.2). As marker list the set for E. coli (Escherichia coli [562, 511145]) was used. The Gene Ontology sources “Biological Process (GOA)” (as downloaded on 17th of February 2017), “Cellular Compartment (GOA)” (as download on 17th of February 2017) and KEGG pathways (as downloaded on 20th of February 2017) were used for analysis. The custom reference set containing 4315 proteins from the reference proteome (Uniprot ID: UP000000625) were used for comparison.


RESULTS AND DISCUSSION

Preparation of E. coli S30 Lysates for Proteome Analysis
S30 lysates represent one of the most commonly used standards for cell-free expression reactions. Essential and therefore common features of almost all preparation procedures are cell harvesting at mid-log growth phase, centrifugation of the lysate at 12,000-30,000 x g and a so-called run-off step, which includes incubation at 37°C to 42°C to dissociate endogenous mRNA and ribosomes. The procedure results in sedimentation and precipitation of numerous proteins, thus fractionating the original E. coli proteome and resulting in a yet unknown proteome composition of the final S30 lysates. We have therefore analyzed the S30 lysate proteome composition qualitatively by using samples strictly prepared according to standard protocols for highly efficient commercial S30 lysate (e.g. CUBE Biotech) preparation [20] (Figure 1A). The proteomes of four independent replicates, namely S301-4, were analyzed. The E. coli source cells were grown at a growth rate of 1.9 h-1 (td ≈ 22 min) (Figure 1B), and the total fermentation process including the cooling of the cells took approximately 3 h. The protein production efficiency of the S301-4 lysates was estimated by synthesis of the reporter protein sGFP in our routine cell-free expression protocol, and found to be comparable resulting into an average of 4.5 mg/mL sGFP (Figure 1C).

Overall Proteome Coverage of E. coli A19 S30 Lysates
The S30 lysates were initially fractionated on the protein-level by SDS-PAGE. Each lane was divided into twelve fractions. Following in-gel digestion, the peptides were extracted from individual gel-fractions and further analyzed by LC-MS/MS to identify the separated proteins (Figure 2). The MS2 data were searched against total E. coli MG1655 / K12 proteome ([45] reference proteome Uniprot ID: UP000000625 as downloaded on 19th of January 2017), which is the closest available standard to the archetypal E. coli K-12 strain. The database includes 4,315 predicted protein sequences assumed to be expressed based on whole genome sequencing/annotation [46]. Searching our data against the larger Swissprot database (taxonomy Escherichia coli, 23,014 protein sequences as downloaded on 19th of January 2017) did not result in more protein hits (data not shown), suggesting that the smaller E. coli reference proteome (Uniprot ID: UP000000625; 4,315 sequences) is a representative reference for the S30 lysate proteome. 
[bookmark: _Hlk485249085]	Using the proteome database (Uniprot ID: UP000000625), we analyzed the proteomes of the four lysates S301-4 and applied statistical means to reach an estimated FDR (false discovery rate) on peptide- and protein-level of ≤ 1% for each individual proteome. According to our analysis, the lysate proteomes are composed of 820, 902, 952 and 805 proteins for the individual S301-4, respectively. Considering the FDR on the protein level, among the individual proteomes 9 proteins may be false positive hits. Any false positive hit, if present, is likely to be among proteins that were identified with only one or two peptides. Overall, we found 1074 proteins in S301-4, representing approximately 25% of the theoretically predicted proteins present in the E. coli MG1655 reference proteome. However, many of the 4,315 proteins present in the reference proteome are regulated and might therefore not be expressed under our conditions, and some predicted proteins may not be present at all. It has been shown that exponentially growing E. coli cells, as used for S30 lysate preparation, express approximately 2,600 proteins of which 830 are membrane proteins [47]. This number might provide a more accurate estimation of theoretically expected proteins present directly after cultivation but before extract processing. Centrifugation steps at 30,000 x g as well as further S30 lysate processing resulted in the lack of detection of approximately 65% of the expected proteins. Detection is certainly limited by our implemented sample preparation methods for LC-MS/MS, by the selected ionization method and by physiochemical properties of proteins/peptides. It is important to point out that we separated the S30 lysate at the protein level (SDS-PAGE) prior to fractionation on the peptide level which allows us to cover a larger dynamic range of protein concentrations and also detect low-abundant proteins. Nevertheless, as a general limitation of such an approach, it is clearly more likely to identify highly-abundant proteins compared to very low-abundant proteins that might still be present in the S30 lysate in a few copies.
	Out of the total detected 1074 proteins, 648 (60.3%) were common to S301-4, 173 (16.1%) were found in at least three S30 lysates and 252 (23.6%) were shared between two lysates or were uniquely identified in only one lysate (Figure 3A). Based on these data, 76.4% or 821 proteins that were identified in at least three out of four S30 lysates were defined as a core S30 lysate proteome having only low variability. The emPAI values of proteins identified in at least three proteomes were averaged to provide an approximate estimation of protein abundances in S30 lysate based on sequenced peptides per protein [29]. Previous studies showed that these values correlate well with independently measured copy number in E. coli cells [48]. The Cytoscape plugin ClueGO (Marker list: Escherichia coli [562, 511145]; GO-source: Cellular Component as downloaded on 17th of February 2017) was used to assign Gene IDs of the identified proteins to suitable GO-terms that represent the major bacterial compartments: cytoplasm, periplasm and membrane. A subset of 2,271 proteins of the total E. coli MG1655 proteome (Uniprot ID: UP000000625; 4,315 sequences) is represented by GO-term “cell part”, defined as “any constituent part of a cell, the basic structural and functional unit of all organisms”: (GO-ID 44464). As evidence for the assignment to a GO-term, we accepted only assignments, which are mostly based on experimental data. The evidence code IEA (Inferred from Electronic Annotation) is error prone and was therefore excluded. Based on availability of experimental data, the GO-term “cell part” and its child-terms represent currently ~53% of the predicted proteins of the reference proteome. 

Classification of the E. coli A19 S30 Lysate Proteome
	Analyzing the 821 proteins of the S30 lysate core proteome, we found that 705 proteins (~86%) are classified by the term “cell part”, comprising 31% of all proteins within this group (Figure 3B). The major subset of 685 proteins (~97.2%) is represented by the three child terms “cytoplasmic part” [GO-ID 0044444], “periplasmic space” [GO-ID 0042597] and “cell periphery” (= membrane) [GO-ID 0071944] [49]. Within those groups, the GO-term “cytoplasmic part” is 2-fold over-represented with 625 hits (p<0.01, = 62% of 1016 reference proteins), whereas proteins of the “cell periphery” are highly under-represented with 36 hits (p<0.01, = 3% of 1033 reference proteins). The majority of these hits are assigned to the subterm “plasma membrane” (~89% or 32 proteins, Table S1). The compartment “Periplasmic Space” appears with 42 unbiased hits (~30% of 138 reference proteins) (Figure 3B). The low “cell periphery” fraction is expected as most membranes will be removed by the 30,000xg centrifugation steps during S30 lysate preparation. Interestingly, some membrane proteins still remain in the lysate potentially in residual small vesicles [50]. Particularly abundant components of the respiratory chain involving several subunits of the ATP-synthase and the NADH-quinone oxidoreductase were detected. This is in agreement with reports on the “Cytomim” cell-free system employing inverted inner membrane vesicles of S30 lysates for energy regeneration via oxidative phosphorylation [51, 52]. The identified ATP-synthase complex and respiratory chain constituents are therefore likely to be present in active conformation and may be used for energy regeneration. A further interesting observation is the presence of parts of the Sec translocon machinery, which could be beneficial upon the co-translational insertion of membrane proteins in supplied lipid bilayers of liposomes [53] or nanodiscs [54]. Recent studies suggest that the insertion via the translocon is thermodynamically similar to spontaneous insertion [55] while the major task of the translocon machinery might be rather to guarantee targeting and coordinated membrane protein assembly [56].
The presence of certain porins of the outer membrane such as OmpA or OmpC in S30 lysates was previously speculated based on detected background activities during single channel electrophysiology measurements [57]. Accordingly, these genuine membrane-spanning proteins were repeatedly identified with high scores in our proteome analysis. However, most other proteins identified in the class of membrane proteins constitute soluble subunits of membrane spanning complexes such as the group of ABC-transporters. None of the identified 15 ABC transporter related gene products are considered to be multi-spanning transmembrane proteins, but rather solute binding subunits, such as ArtI [58], ProX [59] or MlaC [60]. The deficiency of integral membrane protein detection could furthermore be partially caused by a technical bias towards more hydrophilic peptides during LC-MS/MS analysis. However, since we used a GeLC-MS/MS approach based on 1D-SDS-PAGE, we expect membrane proteins to be efficiently solubilized and fractionated, as previously demonstrated [61]. Therefore, it is unlikely that this bias has primarily technical reasons, but is rather caused by membrane depletion during S30 lysate preparation. 
In order to analyze how major metabolic pathways are represented in the S30 lysate proteome, we used the Cytoscape plugin ClueGO (Marker list: Escherichia coli [562, 511145]; Source: KEGG as downloaded on 20th of February 2017). We found that major physiological E. coli pathways are significantly over-represented (p≤0.05) in the S30 lysate proteome (Figure 4). In particular, important catabolic pathways involved in purine-/pyrimidine-biosynthesis and energy generation such as glycolysis/gluconeogenesis and pentose-phosphate pathway are over-represented as expected for a lysate derived from exponentially growing E. coli. Reassuringly, components central to translation, namely the ribosome and the aminoacyl tRNA synthetases (Table 1) are also strongly over-represented with high emPAI values, suggesting that they are enriched in S30 lysate and highly abundant. Exceptions are the glycine-tRNA ligase subunit GlyQ, the glutamyl-Q tRNA synthetase GluQ and the methionyl-tRNA formyltransferase Fmt required for initiation of translation, respectively, which were detected with comparatively low emPAI values, suggesting a potential shortage of these two enzymes during protein expression. Another potential limitation could be imposed by the abundant RNA degradation machinery, which is also over-represented (p≤0.05). S30 lysates are mostly used in a coupled transcription/translation reaction, based on the highly processive bacteriophage derived T7 polymerase (Figure 4). This leads to a rapid accumulation of free mRNA, that in turn is prone to degradation by the RNA degradation machinery. Supplying RNase inhibitors to cell-free reactions is therefore highly recommended. As a consequence of the noted membrane protein deficiency, pathways including membrane proteins such as ABC transporters and two component systems are significantly under-represented (Figure 4).

Proteins Relevant for Recombinant Protein Production
Efficient translation is the core application of S30 lysates in cell-free expression. Protein production is usually operated as a coupled transcription/translation system by either using T7-promoters and supplying T7-RNA-polymerase or by using the more complex endogenous RNA polymerase [62, 63]. Degradation and formation of unfavorable mRNA tertiary structures could be reduced by using the endogenous transcription system comprising RNA polymerase as well as compatible sigma factors [64]. All four subunits of the E. coli RNA polymerase core enzyme could be identified and overall high emPAI values indicate abundant copies of these proteins within the lysate (Table 2). Three out of the seven E. coli sigma factors are present and highest emPAI value was obtained for sigma70 (RpoD) necessary for recognition of general housekeeping promoters. The lysate also contains the cold-shock transcription factors CspA, CspC, CspE and CspG. It is tempting to speculate that these transcription factors are induced during the cooling procedure of the E. coli cell fermentation broth. 
In respect of the translation machinery, approximately 95% of the ribosome associated proteins could be identified, suggesting a high abundance of this key complex necessary for cell-free protein synthesis (Figure 4). It is evident that all subunits necessary for ribosome assembly are present to maintain the observed protein expression efficiency (Figure 1C). However, further factors are required for efficient initiation, elongation and translation termination. The initiation of prokaryotic translation involves formylation of the start methionine and the initiation factors IF1-3. The obtained ratio of averaged emPAI values for InfA:InfB:InfC of approximately 5:1:2 (Table 3) matches nicely with the optimized ratio of 6.75:1:3.75 of the three proteins in the reconstituted PURE system [21, 65]. 
[bookmark: _Hlk485251181]Three out of four elongation factors are essential for the elongation cycle during translation. The GTP bound EF-Tu and GTP exchange factor EF-Ts mediate the entry of the loaded tRNA into the A-site of the ribosome. This process is catalyzed by GTP hydrolysis. The elongation factor EF-G then promotes the translocation of tRNA from the A to the P site and is also catalyzed by GTP hydrolysis. During exponential growth the elongation factor EF-Tu is the most abundant protein reaching an EF-Tu:ribosome ratio of 8:1 [66]. Consistent with this statement, the emPAI values for EF-Tu belongs to the group of most abundant proteins in the S30 lysate. Unfortunately, the emPAI values of the ribosomal proteins in our analysis did not allow to estimate the ratio of EF-Tu:ribosome, as the emPAI values for the different ribosomal subunits were strongly scattered. Notably, the scattering of the most abundant ribosomal proteins has been reported previously and is probably due to saturation effects and artefacts caused by small ribosomal proteins [48]. Therefore, we omitted all emPAI values of ribosomal proteins from the analysis. It has further been shown that there is approximately 1 molecule of EF-G and 0.2 molecules of EF-Ts per ribosome. This ratio appears not to be preserved in the S30 lysate based on the approximate estimation of the averaged emPAI values. The concentration of EF-Ts seems to be even slightly higher when compared with that of EF-G. Accordingly, supplying the purified elongation factors at the above mentioned ratios into cell-free expression reactions increases elongation rate and product yield, as well as pre-expression of EF-Tu proved to significantly enhance yield and specific activity of -lactamase [67, 68]. Our data further support the finding that the elongation factors may not be present in optimal ratios in S30 lysates. The fourth elongation factor EF-P is required to alleviate ribosome stalling at three or more consecutive proline residues and stimulates peptidyl transferase activity and is involved in synthesis of the initial peptide bond [69]. This factor appears to be less abundant compared to others. Interestingly, the pre-expression of EF-P prior to synthesis of the target protein -lactamase was identified as a positive effector, thus supporting the notion of a potential shortage of this factor in S30 lysate extracts [68]. The additional elongation factors LepA and YeiP, postulated paralogues of EF-G and EF-P, are assumed not to be essential and might increase translation fidelity. 
The release factors RF2 and RF3 and the ribosome recycling factor are present at comparable levels. Release factor RF-1 recognizing the amber stop codon appears to be less abundant. This finding could explain the drastically increased incorporation of non-natural amino acids in vitro using cell-free expression compared to in vivo systems [70] and is interesting for site-specific labelling approaches using the amber stop suppression strategy [71].

Proteins Relevant for Protein Folding and for Precursor/Product Stability
Folding and overall quality of synthesized proteins is of pivotal importance for applications of cell-free expression systems. Chaperone systems assisting protein folding and supporting the stability and lifetime of proteins involved in the expression machinery are often indispensable. Based on number as well as on their emPAI values, the cytoplasmic chaperones appear generally more abundant in the S30 lysate if compared to periplasmic chaperones (Table 4). Reassuringly, the major cytoplasmic chaperone systems such as trigger factor (TF), DnaK/DnaJ and GroEL/GroES as the major determinants of nascent protein folding are present in the S30 lysate. In particular, TF, DnaK and GroEL/GroES were identified with high emPAI values suggesting high abundance. The co-chaperone DnaJ seems to be less abundant. In particular DnaJ was only identified with very low emPAI values in lysates S302 and S303, indicating a potential shortage of this important co-chaperone. In addition, several types of peptidyl cis-trans-isomerases both from cytoplasmic as well as from periplasmic origin have been detected.
A challenging task in recombinant protein production is the synthesis of disulfide-bonded proteins. The cytoplasmic environment in E. coli is highly reducing and has not evolved to support the formation of disulfide bonds. In contrast, the periplasmic space maintains an oxidizing environment and contains specialized enzymes such as DsbA, DsbB and DsbC that catalyze the formation of native disulfide bonds. DsbA and DsbC are present in the S30 lysate with only relatively low averaged emPAI values of ~1 and ~0.6 (Table S1), respectively, while the membrane embedded DsbB was not identified. The oxidoreductase DsbA and its regenerating counterpart DsbB are usually mimicked in cell-free reactions by chemical redox systems such as GSH/GSSG. The disulfide isomerase DsbC is essential for disulfide bond shuffling and needs to be supplemented e.g. during cell-free synthesis of antibodies [72, 73]. Our analysis confirms the previous notion of DsbC being a limiting factor in S30 lysates.
A major cost factor for cell-free synthetic biology is the stability of supplied precursors such as NTPs, amino acids or the energy source phosphoenolpyruvate. It is evident that non-productive energy consuming enzymes from residual metabolic pathways or pathway fragments are abundant in the S30 lysate (Table S1). Prominent are precursor consuming enzymes from the glycolysis pathway (63% complete) or from fatty acid biosynthesis (92% complete) (Figure 4). Particularly problematic are precursor degrading or modifying enzymes as they cause significant problems upon protein labelling approaches. Numerous amino acid modifying enzymes, such as TnaA (tryptophanase), AspC (aspartate aminotransferase) or GlnA (glutamine synthetase), remain in S30 lysates (Table 5), resulting in significant consumption and destabilization of amino acids or even causing severe label scrambling in NMR applications [11]. Also constantly identified in all S30 lysates were glycerol kinase (glpK), arginine decarboxylase (speA) and malate dehydrogenase (mdh) with emPAI values of 0.20.1, 3.20.7 and 1.30.3, respectively. Even though the emPAI values appear relatively low, these enzymes resulted in a significant reduction of yield when pre-expressed prior to cell-free expression reaction at concentration of 2.9 µM (glpK), 1.4 µM (speA) and 1.6 µM (mdh) [68]. Notably speA, identified with the highest emPAI of 3.2, has been shown previously to degrade arginine at concentrations as high as 2.5 mM within 30 min and the knockout of speA in the source strain completely eliminated this activity, thus stabilizing the amino acid in cell-free protein synthesis reactions [74]. Specific elimination or inhibition of these enzymes will become a future approach of S30 lysate tuning in order to generate labeled proteins more suitable for subsequent NMR studies or to generally improve yields in cell-free protein synthesis. 
Integrity of the synthesized target protein is of fundamental importance for basically all applications. Numerous proteases belong to the essential standard repertoire in any cell, while in cell-free expression systems they are rather problematic enzymes. A comprehensive set of proteases remains within the S30 lysate, although mostly showing relatively low emPAI values (Table 6). Most abundant is the non-specific protease Lon. The relative high protease content of S30 lysates is in accordance with the required supply of protease inhibitors into cell-free expression reactions in continuous exchange format in order to maintain product integrity [20, 75].

S30 Lysate Tuning for Chaperone Enrichment
The physiology and thus the proteome of E. coli cells changes rapidly in response to external stimuli, thus providing numerous options to tune the composition of resulting S30 lysates for particular applications [76]. Approximately 10% of all proteins contain at least one chaperone-dependent folding step [77]. Furthermore, certain protein folding pathways even require the synergistic interplay of different chaperones. Depletion or insufficient copy numbers of individual chaperones in S30 lysates could result in the formation of improperly folded or unfolded and aggregated proteins concomitant with low specific activity or even precipitation. Some endogenous chaperones are present at relatively high concentrations in the standard S30 lysate (Table 4), but concentrations of others might become rapidly limiting upon preparative scale expression of chaperone-dependent target proteins. Exposure to elevated temperature or to chemicals are well known inducers of so-called heat shock responses in E. coli, resulting into the increased production of chaperones and other rescue or SOS-response proteins [25, 78]. To demonstrate an example of S30 lysate tuning, we exposed the E. coli A19 source cells during fermentation to a heat shock at 42°C for 45 min in combination with the addition of 3% (v/v) ethanol (Figure 1A). 
The proteome of tuned S30-S lysates was analyzed relative to standard S30 lysates using the ICPL labelling strategy. Three independent S30-S lysates were analyzed and in total approximately 400 proteins were quantified in each replicate (Figure 5). From this protein group, a core of 64.8% was found in all three, 31.7% in at least two and only a minor fraction of 3.5% in only one biological replicate (Figure 5B). By quantitative evaluation relative to the standard S30 lysate, a total of 27 proteins was up- and another 57 proteins were down-regulated (Table S2, S3) (Figure 5A). As predicted, most regulated proteins belong to the general stress response induced by heat shock or ethanol stress [23, 25, 79]. The 27 upregulated proteins are mainly chaperones or factors related to transcription/translation. In particular, GroEL, GroES, DnaK, GrpE and SecA are 3-10-fold increased in S30-S lysates. We also detected the chaperone HslR acting as recycling factor for ribosomal subunits and the periplasmic chaperone Spy exclusively in S30-S lysates. Some detected upregulated proteins such as RpoH and ManX match those previously found after growth of E. coli under ethanol stress [79]. However, the alcohol and aldehyde dehydrogenases YqhG and AldB as well as other known ethanol induced proteins were not found or were not regulated. These proteins might therefore be removed during S30 lysate preparation or they might accumulate only after extended SOS induction periods. The SOS response negatively affects the translation efficiency and the ethanol and heat treatment of the cell culture was therefore limited to 45 min in order to still maintain sufficient protein expression efficiency in subsequent cell-free expression reactions. Other or modified procedures could certainly result in a different chaperone portfolio in the resulting lysate, but also in different expression efficiencies. S30 lysate preparation from E. coli cells grown continuously at 42oC for chaperone enrichment has been reported [80]. However, in our hands the protein production efficiency of such lysates was reduced to only 30% of comparable standard S30 lysates (data not shown). A future strategy could thus be to apply adjusted mixtures of different lysate preparations in order to generate optimal synergies of high expression efficiency and suitable folding background. 
The GO term response to temperature covered almost all chaperones mentioned above, but also further members of the SOS network such as the Lon protease mainly responsible for degradation of protein aggregates and in addition supporting chaperone activity by complex formation [81, 82]. Not surprisingly, the heat shock specific sigma factor 32 (RpoH) was also found in this group [83, 84] (Figure 5C). Interestingly, the transcriptional termination factor Rho is upregulated, potentially providing more efficient Rho-dependent termination activity. In contrast to the upregulated protein fraction, the group of 57 downregulated proteins is more diverse (Figure 5A), but includes mostly metabolic enzymes, which were integrated using the source KEGG pathway. We found that most enzymes in the downregulated group belong to the central metabolism such as pyruvate metabolism, TCA cycle and aerobic respiration. Since the growth rate is significantly reduced during heat/shock/ethanol exposure, this effect could be related to lower energy demand during this period. Besides central metabolic proteins, connected pathways comprising enzymes involved in cellular amino acid metabolic processes are also downregulated. In particular, several amino acid manipulating proteins, such as GlyA, CysM, and GcvT, as well as components necessary for transcription and translation, are less abundant (Figure 5D). Here, proteins such as the down-regulated CysS (cysteine tRNA ligase) should be pointed out as one possible limiting factor for cysteine containing proteins (Figure 5D). This might contribute to the generally lower protein production efficiency of S30-S lysates. However, in view of amino acid scrambling, the reduced protein content of amino acid modifying enzymes such as GlyA could be beneficial [11]. Signal intensities of several peptides per protein are compared simultaneously in the same run when using the quanitative approach based on ICPL labelling. Thus, this quantitative method is less prone to technical bias due to e.g. physiochemical properties of individual peptides. Nevertheless, the possibility that not all regulated proteins are detected and quantified cannot be excluded with this approach and this limitation is inherent in all proteomics analyses. 
The chaperone-tuned S30-S lysate was evaluated in cell-free expression reactions for the production of difficult proteins. The expression efficiency of the reporter protein sGFP was reduced by 30% compared with standard S30 lysate (Figure 1C). This was expected as the fermentation conditions for the standard S30 lysate were optimized for high expression yield. However, increased chaperone content in S30-S lysates could be more suitable for the solubility and folding of certain difficult and potentially chaperone-dependent target proteins. ApiRBP is a 15 kDa protein with a putative RNA-binding domain and located inside the apicoplast, an essential plastid organelle surrounded by 4 membranes. This organelle is crucial for the viability of Plasmodium vivax and offers an exciting line of attack for malarial infection. The protein is synthesized in high amounts (1-1.5 mg/mL) in cell-free systems using standard S30 lysates. However, it remains mostly unfolded and the majority of the synthesized ApiRBP precipitates, leaving only about 100 µg/mL in the supernatant. Synthesis of ApiRBP in S30-S lysates increased the yield of total soluble protein by 30% to 140 µg/mL. Considering the ratio of soluble to insoluble protein, the fraction of soluble ApiRBP was even increased 3-fold from 7% in standard S30 lysates to 22% in S30-S lysates (Figure 6A). 
As a second example, we analyzed the human enzyme GNA-1, which is a member of the GNAT superfamily. This enzyme catalyzes the transfer of the acetyl moiety from acetyl coenzyme A to the primary amine group of D-glucosamine-6-phosphate (Figure 6B) [85]. It is expressed at approximately 0.5 mg/mL with standard S30 lysate and with approximately 70-80% solubility [39]. The yield of hGNA-1 in S30-S lysates was approximately half of that in standard S30 lysates and its solubility was apparently unaffected. However, the specific enzymatic activity of hGNA-1 was significantly increased in S30-S lysates, suggesting that a larger fraction of hGNA-1 was natively folded (Figure 6C). This implies that at least 50% of hGNA-1 synthesized in standard S30 lysate, despite being soluble, was actually inactive. The two examples show that chaperone-tuned S30-S lysate can provide an interesting choice to improve product quality of particularly challenging proteins. Rational alternatives could be the addition of selected chaperones such as the GroL/S or the DnaK/J systems into the cell-free reaction mixtures [86, 87]. However, additional workload for the production and purification of the chaperones would be necessary and the effect of one or a few chaperones might be different from that of a complex chaperone network. Furthermore, selected chaperones could be overexpressed in the cells prior to lysate preparation, resulting into increased solubility or activity of target proteins [88]. 


CONCLUSION
Our study shows that at least approximately 25% of the predicted or 40% of the expressed E. coli proteome remains in standard S30 lysates prepared for cell-free protein expression. The S30 lysate proteins have been classified and numerous data of enriched or deficient proteins match with published observations on cell-free expression studies. The S30 lysate proteome composition exhibits significant variations and may be divided into a constant core of approximately 60% of the proteins, some 16% with low and the residual 24% with high variability. The variation is most likely caused by certain precipitation steps during S30 lysate preparation, but also potentially by sensitivity limitations in detection of low abundant proteins. The proteomes of other lysate types occasionally used in cell-free expression such as S12 or S15 lysates [22] might therefore differ from that of the S30 lysate. The presented data help to move conventional cell-free expression based on S30 lysates towards better defined systems. The study further serves as a platform for directed lysate optimization and tailored protein production. The presented lysate proteome can be used as an initial checklist to identify or to rule out problems that could possibly occur during the production and analysis of a given target protein. Problematic proteins could be evaluated and after positive verification selectively removed from lysates prior to expression studies. Vice versa, potentially limiting components could be supplied and enriched in optimal concentrations. In previous studies, the removal of release factor-1 (RF1) from S30 lysates considerably increased the efficiency of non-natural amino acid incorporation into proteins by the amber stop codon technology [13, 71]. Alternatively, lysates from engineered strains containing selected deficiencies have been prepared [14, 89, 90]. Identified proteins causing difficulties for the structural analysis of labelled proteins could furthermore be addressed by adding selective inhibitors as exemplified for amino acid scrambling enzymes [11, 91]. A potential tool for the elimination of non-desired proteins could be the modification with degradation tags such as the ssrA tag [92]. Elimination will then be promoted by the presence of specific proteases like ClpX and ClpP in the S30 lysate (Table S1). The modular portfolio of cell-free synthetic biology could further be expanded by complementing fragmented biosynthetic pathways e.g. for the synthesis of stable isotope labeled amino acids from cheap precursors for the production of NMR-suitable labeled proteins. However, as an intrinsic limitation of proteomics studies, it should be considered that the proteome analysis provides no information on the quality of the identified proteins. 
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Figure Legends


Figure 1. Preparation and efficiency of S30 lysates. Workflow of lysate preparation, culture conditions and performance of the analyzed lysates. (A) Flowchart of S30 lysate preparation procedures. (B) Growth curves of E. coli A19 as observed under different fermentation conditions for S30 and S30-S lysate. (C) Performance of S30 and S30-S lysates as determined under standard expression conditions using sGFP as a reporter. The error bars represent the standard deviation of multiple measurements (n=3). 


Figure 2. Strategies for S30 lysate analysis by 2D-LC-MS analysis. The general workflow was as follows: (i) S30 lysates were separated by SDS-PAGE, (ii) the gel slice with the separated proteins was divided into 12 fractions (F1-F12), (iii) the proteins were in gel digested (trypsin) and then extracted, (iv) the peptides of each fraction (F1-12) were separated by nanoHPLC (Reversed Phase C18), (v) the elution fractions were spotted and analyzed by mass spectrometry. (A) Qualitative proteome analysis was carried out for S30 lysates. (B) Quantitative proteome analysis for S30-S lysate relative to S30 was performed using ICPL labelling strategy. One sample is labelled with light ICPL tags, the other with heavy ICPL tags and the mixture of both is analyzed using the general workflow as described previously.

Figure 3. Analysis of the S30 lysate proteome. (A) Number of common and unique protein identifiers in S301-4 illustrated by a bar as well as a Venn diagram (821 proteins were detected in at least 3 of 4 S30 lysates). The colors of the Venn diagram represent the four different replicates. (B) Combined number of proteins identified in S30 lysate as compared to all experimentally assigned proteins to the superordinated GO-term “Cell Part” (GO-ID 44464). The subcellular distribution of the identified S30 lysate proteins with respect to their compartmental localization in E. coli based on GO terms “Cytoplasmic Part” (GO-ID 0044444), “Periplasmic Space” (GO-ID 0042597) and “Cell Periphery” (GO-ID 0071944). Cytoplasmic Part and Cell Periphery are significantly over and underrepresented (p≤0.05) as compared to a reference set of predicted proteins (Uniprot ID: UP000000625, 4315 proteins).


Figure 4. Over- and underrepresented pathways in S30 lysate (821 proteins). Pathways are plotted against the percentage of identified gene products using the Cytoscape plugin ClueGO. Overrepresented and underrepresented pathways (p≤0.05), tested against KEGG reference set, are shown in grey and white, respectively. The number of proteins identified per pathway are indicated. 


Figure 5. Proteome comparison of S301 vs. S30-S lysate. (A) Volcano plot of quantitative proteome data from S301 vs. S30-S. 57 proteins were found to be downregulated (left, red) and 27 proteins were upregulated (right, blue) in S30-S relative to S30 lysates. (B) Bar diagram illustrating reproducibility of three biological replicates (S30-S). The majority of proteins (>96%) were found in at least two biological replicates. Only 3.5% were uniquely detected in one biological replicate. Numbers besides the bars represent the percentage and the number of identified proteins. (C) and (D) show the networks (generated by Cytoscape in combination with ClueGO). Functionally grouped network with terms as nodes linked based on their kappa score level (≥0.4) using GO reference sets Biological Process and KEGG for up- and downregulated proteins, respectively. The node size represents the significance (p≤0.05) and filled node the share of detected proteins per GO term.

 
Figure 6. Production of challenging proteins in chaperone enriched S30-S lysate. (A) Expression of ApiRBP-sfGFP. Left: Soluble ApiRBP-sfGFP in reaction supernatants as determined by sfGFP as reporter; right: Total solubility of synthesized ApiRBP-sfGFP in S30-S and standard S30-1 lysates. (B) Reaction catalyzed by hGNA-1. The acetyl group of AcCoA is transferred to GlcN6P to form GlcNAc-6P. Released free thiol groups are quantified by DTNB. (C) Expression of hGNA-1-sfGFP. Left: Soluble hGNA-1-sfGFP in reaction supernatants as determined by sfGFP as a reporter; middle: Total solubility of synthesized hGNA-1-sfGFP in S30-S and standard S30-1 lysates; right: Normalized enzymatic activity of hGNA-1 synthesized either in standard S30-1 or in S30-S lysate. Values of the S30-S sample are set to 100%.
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