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SUMMARY:
OpenProt is a freely accessible database that enforces a polycistronic model of eukaryotic genomes. Here, we present a protocol for the use of OpenProt databases when interrogating mass spectrometry datasets. Using OpenProt database for analysis of proteomic experiments allows for discovery of novel and previously undetectable proteins. 

ABSTRACT:
Genome annotation is central to today’s proteomic research as it draws the outlines of the proteomic landscape. Traditional models of open reading frame (ORF) annotation impose two arbitrary criteria: a minimum length of 100 codons and a single ORF per transcript. However, a growing number of studies report expression of proteins from allegedly non-coding regions, challenging the accuracy of current genome annotations. These novel proteins were found encoded either within non-coding RNAs, 5’ or 3’ untranslated regions (UTRs) of mRNAs, or overlapping a known coding sequence (CDS) in an alternative ORF. OpenProt is the first database that enforces a polycistronic model for eukaryotic genomes, allowing annotation of multiple ORFs per transcript. OpenProt is freely accessible and offers custom downloads of protein sequences across 10 species. Using OpenProt database for proteomic experiments enables novel proteins discovery and highlights the polycistronic nature of eukaryotic genes. The size of OpenProt database (all predicted proteins) is substantial and need be taken in account for the analysis. However, with appropriate false discovery rate (FDR) settings or the use of a restricted OpenProt database, users will gain a more realistic view of the proteomic landscape. Overall, OpenProt is a freely available tool that will foster proteomic discoveries.

INTRODUCTION: 
Over the past decades, mass spectrometry (MS-)based proteomics has become the golden technique to decipher proteomes of eukaryotic cells1–5. This method relies on current genome annotations to generate a reference protein sequence database that outlines the scope of possibilities6–8. However, genome annotations hold arbitrary criteria for ORF annotation, such as a minimum length of 100 codons and a single ORF per transcript9,10. An increasing number of studies challenge the current annotation model and report discoveries of unannotated functional ORFs in eukaryotic genomes8,11–14. These novel proteins are found encoded in allegedly non-coding RNAs, in the 5’ or 3’ untranslated regions (UTR) of mRNAs, or overlapping the canonical coding sequence (cCDS) in an alternative frame. Although most of these discoveries have been serendipitous, they demonstrate the caveats of current genome annotations and the polycistronic nature of eukaryotic genes8.

Here, we highlight the use of OpenProt databases for MS-based proteomics. OpenProt is the first database to hold a polycistronic annotation model for eukaryotic transcriptomes. It is freely available at www.openprot.org. It currently contains transcriptome annotations for 10 species and reports every possible ORF longer than 30 codons15. A proportion of these predicted ORFs would be random and non-functional, which is why OpenProt cumulates experimental and functional evidence to increase confidence. Experimental evidence include protein expression (by MS) and translation evidence (by ribosome profiling)15. Functional evidence include protein orthology (with an In-Paranoid like approach) and functional domain prediction15. 

OpenProt offers the possibility to download several databases, from containing only well-supported proteins to custom-made databases. Here, we will present a pipeline for the use of OpenProt databases and will offer insights into which database to choose considering the experimental aim. The proteomics analysis pipeline presented here is supported by the Galaxy framework as it is open-access and easy-to-use, but the databases can work with any workflow16–18. We will also present how to use the OpenProt website for gathering further information on novel proteins detected by MS. Using OpenProt databases will provide a more exhaustive view of the proteomic landscape and will foster proteomics and biomarkers discoveries in a more systematic way than current methods.

This protocol highlights the use of OpenProt databases15 when interrogating MS datasets; it will not review the design of the experiment itself, which has been thoroughly reviewed elsewhere20–22. In an effort to remain fully open-source, the protocol is freely available (Supplementary Material S1–S4). For easier reading, all terms used in OpenProt and hereby throughout this protocol are defined in Table 1.

PROTOCOL: 

1. [bookmark: _Hlk536457776]OpenProt database download

NOTE: Custom databases based on RNA-seq data for example can also be obtained and the procedure is detailed in the second section of this protocol. If a custom database is needed, please skip to the next section.

1.1. Go to the OpenProt website: www.openprot.org and open the Downloads page using the link from the top page menu.

1.2. Click on the species of interest based on the analyzed experimental data.

1.3. Click on the protein type desired.

NOTE: OpenProt offers three classifications: RefProt, Isoforms and AltProt. As shown in Figure 1, this parameter will vary based on the research objective. 

1.3.1. Click on RefProt alone to generate files containing only known proteins.

1.3.2. Click on AltProt and Isoforms to generate files containing only novel proteins – either novel isoforms of known proteins (Isoforms) or coded by an alternative ORF (AltProts). Please note that OpenProt enforces a minimum ORF length of 30 codons15.

1.3.3. Click on AltProts, Isoforms and RefProts to generate files containing all protein types present in the OpenProt database – known and novel proteins. 

1.4. If available, click on the annotation from which protein sequences are drawn.

NOTE: OpenProt offers a more exhaustive proteomic landscape by combining multiple annotations. Transcriptome annotations have a minimal overlap; thus, the selected annotation can substantially affect the visualized proteomic profile15, 23.

1.5. Click on the level of supporting evidence necessary for protein consideration. As shown in Figure 1, this parameter will vary based on the research objective.

1.5.1. Click on minimum of two unique peptides detected to generate files containing only the most confident proteins.

NOTE: A criterion of two unique peptides is currently considered a gold standard in proteomics for protein expression. If the experimental aim is to detect known and well-supported proteins, the use of this parameter is recommended.

1.5.2. Click on minimum of one unique peptides detected to generate files containing proteins that have already been seen at least once among the mass spectrometry experiments re-analyzed by OpenProt.

NOTE: This allows for consideration of the shorter length of AltProts and the probability that some of them may contain only one unique tryptic peptide8,11.

1.5.3. Click on all predicted to generate files containing all of OpenProt predictions.

NOTE: This setting is recommended only if the experimental aim is to discover novel proteins (Figure 1). The subsequent substantial increase in the search space calls for an adapted analysis pipeline as discussed below7,15.

1.6. Click on the desired file format to download. For proteomic analyses, choose the Fasta (protein) file. The readme file contains all necessary information on the file format.

2. Custom OpenProt database download

NOTE: This section details how to obtain a custom database. If no custom database is needed, skip to the next section.

2.1. Go to the OpenProt website (www.openprot.org) and open the Search page using the link from the top page menu.

2.2. Click on the species of interest based on the experimental data analyzed.

2.3. Enter a list of genes or transcripts of interest.

2.3.1. When using a list of genes, enter it in the Gene query box.

2.3.2. When using a list of transcripts, enter it in the Transcript query box.

2.4. Tick any box that applies to the desired database.

2.4.1. Do not click on any box to obtain a table containing all types of protein supported by OpenProt: RefProt, Isoforms and AltProts.

2.4.2. Click on Show only proteins with experimental evidence to obtain a table containing all types of proteins (RefProts, Isoforms and AltProts) that have been detected at least once by MS and/or for which translation evidence has been collected from ribosome profiling data.

2.4.3. Similarly, click on Show only proteins detected by MS or on Show only proteins detected by ribosome profiling to obtain a table containing all types of proteins that have been detected at least once by MS or by ribosome profiling respectively.

2.4.4. Click on Show only AltProts or on Show only isoforms to obtain a table containing only AltProts or only Isoforms respectively.

2.4.5. Click on both Show only AltProts and Show only Isoforms to obtain a table containing both types of proteins.

NOTE: All combinations of filters are possible.

2.5. Once all desired parameters are set, click on Search. The table output will appear below the search query fields.

2.6. Click on the Download Fasta button at the right top corner of the output table. This will generate a Fasta file containing all proteins resulting from the queried list of genes or transcripts.

2.7. Please note that for computational reasons, OpenProt holds a maximum of 2,000 elements to be queried (genes or transcripts) at a time. In the event of a list above that limit, several fasta can be generated and then concatenated (as detailed below); or simply download the whole OpenProt database and filter the obtained file as desired.

2.7.1. Bin the whole list of genes or transcripts into sub-lists of 2,000 entries or less. For each sub-list, download a Fasta file as described above (step 3.3 to 3.6).

2.7.2. Log in to the European Galaxy instance (or any other instance where proteomics tools are available), https://usegalaxy.eu/.

2.7.3. Create a new history and import all of the downloaded OpenProt databases (one per sub-list of genes or transcripts) by clicking on the upload logo at the left top of the screen.

2.7.4. Use the Fasta Merge Files and Filter Unique Sequences tool developed by the GalaxyP developers (https://github.com/galaxyproteomics/). Select the Merge all Fasta option and input all of the imported OpenProt databases.

NOTE: Each tool can be searched by using the query box on the left side of the screen

2.7.5. Select the accession only option to assess sequence unicity and copy the OpenProt identifier parse rule (>(.*)\|), then click on Execute.

2.7.6. Note that all files have been concatenated into a unique Fasta file with no redundancy that now appears in the history panel on the right side of the screen. This constitutes the working database.

3. Database handling

NOTE: From now on, the Galaxy platform will be used, but the same principles can be applied to other proteomic software.

3.1. Log in to the European Galaxy instance (or any other instance where proteomics tools are available), https://usegalaxy.eu/.

3.2. Create a new history and import the downloaded OpenProt database by clicking on the upload logo at the left top of the screen.

3.3. Go to the workflow page and import the Database Handling workflow (Supplementary Material S1) by clicking on the upload logo at the left top of the middle panel.

3.4. Click on Run the workflow and select the imported OpenProt database as input.

NOTE: This workflow will append the CRAPome repository to the OpenProt fasta and generate decoy sequences (reverse sequences)24. If a shuffle decoy list is desired, it can be done by changing this parameter on the DecoyDatabase tool.

3.5. Rename the obtained Fasta file to something meaningful. The database is ready to be used for proteomics analyses.

4. Mass spectrometry file preparation

NOTE: Most of the proteomics tools available on Galaxy instances use the mzML format, and peptide search engines prefer data in centroid mode.

4.1. Open the freely available MSConvert tool from the ProteoWizard suite and upload the data file to be analyzed25.

4.2. Choose the directory for the output and the desired file format to mzML.

4.3. Set a peak picking filter using the wavelet based algorithm (CWT) on MS1 and MS2 levels, and start the conversion26.

5. Peptide and protein identification/quantification

NOTE: This part of the pipeline uses tools from the OpenMS suite, a versatile and easy-to-use framework18.

5.1. Log in to the European Galaxy instance (or any other instance where proteomics tools are available), https://usegalaxy.eu/.

5.2. Create a new history and transfer the previously created database (step 4.5) to this new history with a drag-and-drop.

5.3. Import the transformed mzML data file (step 5.3) by clicking on the Upload logo at the left top of the screen.

5.4. Go to the workflow page and import the desired workflow by clicking on the upload logo at the left top of the middle panel.

NOTE: MS experiments are differently designed based on the desired final output. Workflows are provided here for two frequent designs: protein identification and protein quantification based on stable isotope labeling (SIL). However, the Galaxy instance contains many other tools that will support other types of proteomic analyses27,28.

5.4.1. For a protein identification design, import the workflow provided in Supplementary Material S2.

5.4.2. For a protein quantification based on stable isotope labeling design, import the workflow provided in Supplementary Material S3.

5.5. Select run the workflow and review the different parameters. 

5.5.1. Select the imported mzML data file as input, and the previously created database (step 4.5) as the database Fasta file.

5.5.2. Since the workflow uses the X!Tandem search engine, import the X!Tandem default configuration file (provided in Supplementary Material S4)29 by clicking on the upload logo at the left top of the screen.

5.5.3. The workflow uses multiple search engines (MS-GF+ and X!Tandem). Append other search engines or choose a single one simply by adding or removing the tools from the workflow30,31.

NOTE: Using multiple search engines is recommended as it increases sensibility and sensitivity of the analysis32.

5.5.4. In order to account for the substantial increase in size when using the whole OpenProt database, use a stringent FDR15. By default, the provided workflow is set for a 0.001% FDR, adequate for the use of the whole OpenProt database. For other databases, this can be edited to any desired value.

NOTE: Be sure to adapt the parameters of the different tools depending on the mass spectrometer used and the experimental protocol (precursor ion and fragment error, fixed and variable modifications, used enzyme, etc.).

5.6. Optionally, download output for each step of the workflow for storage or quality control analysis by clicking on the chosen step from the history panel, then clicking on the Save logo that will appear underneath.

6. Quality control

NOTE: Because MS-based proteomics is the result of a complex process where each step needs to be optimized to produce reproducible results, quality control is a necessary procedure in the workflow33.

6.1. Several metrics are common benchmark of performance, such as the number of peptide-spectrum matches (PSM), the number of identified peptides and proteins. Run the File Info tool on the IDFilter output (indicated in green in Figure 2) to provide such metrics.

6.2. . Although not applicable to every identification, especially with large datasets, reports of novel proteins should always be carefully evaluated. Inspection of the protein score, the sequence coverage, and the spectra supporting the finding is of vital importance. Use the TOPPview tool from the OpenMS framework to do this; it is freely available and well documented18,34,35.

7. OpenProt database mining

NOTE: Once a confident identification of a novel protein predicted by OpenProt (accession numbers starting with IP_ for AltProts and II_ for novel Isoforms) has been made, more biological information can be gathered from the OpenProt website15.

7.1. Go to the OpenProt website: www.openprot.org and open the Search page using the link at the top page menu. 

7.2. Click on the species of interest (same as the one in which the protein was identified) and enter the protein accession number in the Protein query box.

7.3. Click on search and a table containing basic information on the queried protein will appear. The table features: the protein length (in amino acid), its molecular weight (kDa) and isoelectric point, supporting experimental evidence by MS or ribosome profiling (Translation Evidence, TE), and functional predictions such as predicted domains and protein orthology (across the 10 species supported by OpenProt, v1.3). The table also contains information about the related gene and transcript and the localization of the protein within the transcript.

7.4. Click on the Details link to gather further information. The newly opened page contains a genome browser which is centered on the queried protein, and information such as the genomic and transcriptomic coordinates and the presence of a Kozak or high-efficiency translation initiation site (TIS) motif36,37.

7.5. Click on the Protein or DNA links from the info tab, to obtain protein or DNA sequences respectively. 

7.6. Browse detailed information about MS evidence, ribosome profiling detection, conservation and identified protein domains by clicking onto the top tabs15.

REPRESENTATIVE RESULTS: 
The workflow described above was applied to a MS dataset available on the PRIDE repository38,39. The original study developed a method (iMixPro), using stable isotope labeling of amino acids in cell culture (SILAC), to eliminate false positives from affinity-purification MS (AP-MS) experiments38. In brief, an AP-MS experiment consists of using beads-bound antibodies to fetch a protein of interest (bait) and its interactors (preys). The collected proteins are then digested and prepared for MS. The sample preparation method and the instrument settings are described in the original study and on the PRIDE repository (PXD004246). A challenge in such experiments is the abundance of false positives, notably from proteins binding to the beads but not the bait. Here, we used SILAC to generate different isotope ratios between true preys and false positives: 3 control samples (no bait) cultured in light medium, 1 sample expressing the bait cultured in light medium, and 1 sample expressing the bait cultured in heavy medium are processed with the beads and further mass spectrometry analysis. With such design, non-specific proteins binding to the beads will have an heavy-to-light ratio of 1:4; when true preys will have a ratio of 1:138.

We re-analyzed their AP-MS data using the OpenProt database; the baits included three endogenous proteins (PTPN14, JIP3 and IQGAP1), and two over-expressed proteins (RAF1 and RNF41). Since the experiments used SILAC, the Galaxy workflow for protein quantification was used (Supplementary Material S3, Figure 2). The workflow was run using the whole OpenProt database (OpenProt_all) or a restricted OpenProt database (OpenProt_2pep, including only proteins previously detected with a minimum of two unique peptides).

Protein identification and quantification were good and reproducible across the different used databases. As shown in Figure 3, most proteins identified in the original paper were also identified using either the OpenProt_2pep or OpenProt_all database (a detailed list is available in Supplementary Material S5). This result shows that the pipeline described here and the OpenProt databases are able to produce protein identification and quantification comparable to that of current procedures based on the UniProtKB databases40. However, the use of OpenProt databases has the unique advantage of allowing detection of novel and previously undetectable proteins, as demonstrated in this case study. 

11 well-supported proteins (1 Isoform and 10 AltProts), yet currently not annotated in databases, were identified across all datasets, with confident peptides, using the OpenProt_2pep database (all protein accessions, along with the number of supporting peptides, are available in Supplementary Material S5). This database allows the use of a traditional 1% FDR as the search space increase remains moderate. These 11 proteins were not identified in the original study as they were absent from the database.

29 novel proteins (16 isoforms and 13 AltProts) were discovered across all datasets, with confident peptides, using the OpenProt_all database (all protein accessions, along with the number of supporting peptides, are available in Supplementary Material S6). As shown in Figure 3, the recommended stringent FDR did not affect the most confident protein identifications, although it did decrease the total number of identified proteins. Comparatively to the OpenProt_2pep database, a higher number of novel proteins can be confidently identified. All of these novel proteins are absent from the OpenProt_2pep database. This highlights the crucial role of the chosen database for MS-based proteomics.

One novel protein was discovered as an interactor of the RAF1 protein (IP_637643). Using the OpenProt website, one can see this protein had not been detected by MS nor ribosome profiling until now (OpenProt v1.3). The protein is 46 amino acids long and can only give two unique peptides upon tryptic digestion. The peptide detected in the RAF1 AP-MS dataset (fraction 18) had a good quality spectrum, as shown in Figure 4, and displayed a heavy-to-light ratio of 1,09. The protein is encoded in the NANOGNBP1 gene, which is a pseudogene of NANOGNB. The transcript (ENST00000448444), currently annotated as non-coding, was detected across several tissues according to the GTEx portal40. The protein contains a predicted functional domain associated with DNA binding (Gene Ontology GO:0003677)41.

FIGURE AND TABLE LEGENDS: 

Figure 1: Database choice for proteomics analyses chart. Analyses of MS data, notably the database choice, depend on the research objectives. Three common objectives are outlined in blue (classic proteomic pipeline), green (exhaustive proteomic search) and orange (proteomic discovery). Each objective depends on an appropriate database and pipeline. A single identification tool may be used for an exhaustive and classical proteomics pipelines. For the proteomic discovery pipeline, we strongly recommend using multiple identification engines. Recommended FDRs are indicated in red, and protein database sizes are indicated in grey boxes.

Figure 2: Graphical representation of the Galaxy workflow used. Step-by-step representation of the proteomic analysis workflow used for re-analysis of Eyckerman et al. data38. Input files, peptide search, and protein quantification are indicated by orange boxes. Blue boxes correspond to the tools used and grey boxes correspond to the output files generated. The different search engines (MS-GF+ and X!Tandem) are indicated by different colors (respectively red and purple) as well as the arrows indicating their necessary inputs and outputs. The green box highlights the tool generating a list of protein identifications. When multiple outputs are generated, the one used for downstream steps is indicated as the closest to the arrow. This workflow is freely available in Supplementary Material S2. The X!Tandem default parameters configuration file is available in Supplementary Material S4.

Figure 3: Comparison of interactor identification per bait using different databases. Venn diagrams of protein identifications using the most confident OpenProt database (in orange, supporting evidence of minimum 2 unique peptides, OpenProt_2pep) with a 1% FDR, or the whole OpenProt database (in blue, OpenProt_all) with a 0.001% FDR, or as reported in the original paper (in grey)38. Each diagram corresponds to identified interactors for the mentioned bait: RAF1, RNF41, PTPN14, JIP3 and IQGAP1.

Figure 4: MS/MS spectrum of identified MDNLWAK(13C6) peptide from novel protein IP_637643. Intensity is relative (0 to 100%). Selected peaks are indicated in red, y ions annotations are in dark red and b ions annotations in green. Extracted from the TOPPview software34. Precursor Error = 2.70 ppm, PEP score = 0.12.

Table 1: Definition of terms used in OpenProt and throughout the protocol

Supplementary Material S1: Galaxy workflow for database handling. This will append the CRAPome and decoy sequences (reverse) to the input database. Output is a Fasta file.

Supplementary Material S2: Galaxy workflow for protein identification. This will identify proteins from a mass spectrometry data file using two search engines (MS-GF+ and X!Tandem). Each parameter can be tuned as desired before running the workflow.

Supplementary Material S3: Galaxy workflow for protein quantification using stable isotope labeling (SIL). This will identify and quantify proteins from a mass spectrometry data file using two search engines (MS-GF+ and X!Tandem). Each parameter can be tuned as desired before running the workflow.

Supplementary Material S4: X!Tandem default parameters configuration file. This XML file is necessary for running the X!TandemAdapter tool on the Galaxy platform.

Supplementary Material S5: Quantified proteins from iMixPro datasets. Data files from Eyckerman et al. 201638 were processed using OpenProt databases and quantified proteins are listed for each condition. Baits are PTPN14, JIP3, IQGAP1, RAF1 and RNF41. Gene names indicated in green correspond to proteins also identified in the original paper38. Gene names indicated in orange correspond to known interactors according to BioGrid that were not reported in the original paper. Gene names indicated in light blue correspond to novel proteins identified as interactors (the corresponding protein accession number is indicated in brackets). Gene names indicated in light grey and italics correspond to likely contaminants (keratin proteins). 

Supplementary Material S6: Identified novel proteins from iMixPro datasets. Data files from Eyckerman et al. 201638 were processed using OpenProt databases and novel identified proteins are listed for each condition. Baits are PTPN14, JIP3, IQGAP1, RAF1 and RNF41. Protein accession numbers are listed, starting with II_ for novel isoforms of a known protein, and with IP_ for novel proteins from an alternative ORF (AltProt). The number of supporting peptides are indicated in brackets.

DISCUSSION: 
When analyzing data from mass spectrometers, the quality of protein identification partly relies on the accuracy of the used database6,20. Current approaches traditionally use UniProtKB databases, yet these support the genome annotation model of a single ORF per transcript and a minimum length of 100 codons (with the exception of previously demonstrated examples)40. Multiple studies relate the shortcomings of such databases with the discovery of functional ORFs from allegedly non-coding regions8,11–13. Now, OpenProt allows for more exhaustive protein identification as it draws protein sequences from multiple transcriptome annotations. OpenProt retrieves NCBI RefSeq (GRCh38.p7) and Ensembl (GRCh38.83) transcriptomes and UniProtKB annotations (UniProtKB-SwissProt, 2017-09-27)40,42,43. As current annotations present little overlap, OpenProt thus displays a more exhaustive view of the potential proteomic landscape than when limited to one annotation15. 
Furthermore, as OpenProt enforces a polycistronic model, it allows for multiple protein annotations per transcript. For statistical and computational reasons, OpenProt still holds a minimum length threshold of 30 codons15. Yet, it predicts thousands of novel protein sequences, thereby widening the scope of possibilities for protein identification. With this approach, OpenProt supports proteomic discoveries in a more systematic manner.

The quality of protein identification can also be affected by the parameters that are used. MS-based proteomics analyses typically hold a 1% protein FDR. However, the whole OpenProt database contains about 6 times more entries (Figure 1). To account for this substantial increase in the search space, we recommend using a more stringent FDR of 0.001%. This parameter was optimized using benchmark studies and manual evaluation of randomly selected spectra15. False positive are still a possibility, though, and we encourage thorough inspection and validation of supporting evidence for a novel protein. A recommended standard could be the identification of a protein from two different MS runs, as background data and false positives vary between datasets15.

The pipeline provided here and used for the case study can be modified as pleased to fit the experimental design and parameters. We would recommend using multiple search engines as it increases sensibility and sensitivity of peptide identification32. Furthermore, we encourage using the database corresponding best to the experimental aim (Figure 1). As using the whole OpenProt database comes with a stringent FDR, true identifications may be lost. Thus, the whole database should be intended for discovery of novel proteins, whilst classical proteomics profiling should be using the smaller OpenProt databases (such as OpenProt_2pep used in the case study above).

OpenProt currently predicts sequences starting with an ATG codon, whereas several studies highlighted translation initiation at other codons44,45. When a novel protein is identified by one or several unique peptides, it is possible the true initiation codon is not the presumed ATG. Users can look for translation evidence on the OpenProt website. Currently, OpenProt only reports translation events if they concern the entire predicted protein sequence (100% overlap)15. Thus, absence of translation evidence would not mean the protein is not translated, but that the start codon may not be the alleged ATG. 

Despite its current limitations, OpenProt offers a more exhaustive view of eukaryotic genomes’ coding potential. OpenProt databases foster proteomic discoveries and the understanding of proteomic functions and interactions. Future developments of the OpenProt database will include annotation of other species, translation evidence from non-ATG start codon and development of a pipeline to include novel proteins in whole genome and exome sequencing studies.
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