Supplemental Methods

     The data from our recent manuscript (1) has been provided as a test case to simulate Perseus processing methods. Specifically, the data represents the phosphopeptides that were identified in mouse tibialis anterior muscles that were collected 1 hour after a bout of maximal-intensity contractions (MIC) or a control condition (n = 6 / group). For each phosphopeptide, individual sample data (e.g., Control #1 – log2) are provide in the form of a log2 transformed relative quantitative unit, and Benjamini-Hochberg adjusted p-values from a Moderated T-Test have been reported for the Control versus MIC group comparisons. All phosphopeptides also contain identifiers such as the Entrez Gene ID, Uniprot ID and Gene Name of the parent protein, along with the amino acid of modification, the modification site position within the parent protein, and a sequence window, which encompasses the 15 amino acids that flank both sides of the phosphorylation site. Finally, the specific sequence of the phosphopeptide that was identified in the MS analyses, with the phosphorylated amino acids in these sequences shown in lower case letters, is also provided. 

     Below, we will walk through the process of importing this data into Perseus, and then the execution of various annotation and analytical procedures that can be performed within the Perseus user interface. It should also be noted that there is a considerable amount of Perseus tutorial documentation available online, and our instructions will closely follow the ‘Label-free phospho data’ use case that can be found by clicking on this link. We hope that the techniques shown here can be easily extended to your own projects.  

Installation

     The Perseus software can be freely downloaded after a simple registration process. Please click here and follow the instructions.  

Data Import

     To import a dataset:
1. Select the green arrow ‘Generic matrix upload’ button in the top left corner of the user interface. 
2. In the new window, click select, and choose the location of the file ‘Supplemental Dataset 1.txt’. 
3. Click OK in the bottom right corner of the window to proceed. The data should now appear as a matrix in the Perseus user interface. 

Annotation

     Uniprot maintains descriptors for each protein including GO terms and KEGG pathways, as well as a variety of additional descriptors (Reactome, Prosite, GSEA, etc.). These descriptors can be useful for drawing informed conclusions about the proteins that are observed within your data. Annotation terms must be downloaded from here and extracted into the (Perseus/conf/annotations/) folder before they can be accessed from within Perseus. For the purposes of this tutorial, download the file named (mainAnnot.mus_musculus.txt.gz) which can be found in the ‘FrequentlyUsed’ folder. 





     To annotate with KEGG pathways:

1. Select ‘Add annotation’ from the ‘Annot. columns’ tab in the upper ‘Processing’ pane.
2. Select the location of the ‘mainAnnot.mus_musculus.txt.gz’ file as the ‘Source’, and select ‘Uniprot ID’’ for ‘UniProt column’. 
3. In the ‘Annotations to be added’ box select ‘KEGG name’ and click on the right arrow button. This will place the selection into the empty box on the right.  
4. Click OK to proceed. 

     If performed correctly, a new categorical column will have been added to the matrix with corresponding KEGG names appearing for some of the phosphopeptides. It’s important to note that many proteins have not been associated with KEGG pathways, and consequently, only ~1300 of the nearly 6,000 phosphopeptides will have associated KEGG name(s). To move all of the phosphopeptides with KEGG names to the top of the matrix simply click on the KEGG name column header until the arrow points upward. The aforementioned procedures can also be used to annotate the matrix with additional features such as GO biological processes (‘GOBP name’) and many others. 

     Phosphopeptide sequence specific annotations can also be added to the matrix. To add these annotation go here and follow these steps:

1. Click on the ‘downloadable datasets’ button in the bottom left corner, read the conditions, and accept the terms by clicking on the button at the bottom of the screen. 
2. Download the “Kinase_Substrate_Dataset.gz”, “Phosphorylation_site_dataset.gz” and “Regulatory_sites.gz” files. You will need to login or create a new profile in order to download these files. 
3. Extract the files into the ‘Perseus/conf/PSP' folder. 
4. Click on the ‘Modifications’ tab in the ‘Processing’ pane and select ‘Add regulatory sites’.
5. In the new window, select ‘Uniprot ID’ for the ‘Uniprot column’ parameter, and select ‘Sequence Window’ for the ‘Sequence window’ parameter, and click OK. 
6. Within the Modifications’ tab, the same steps can be repeated to ‘Add known sites’, add ‘Kinase-substrate relations’, as well as several other features of interest.

Volcano Plot

     The volcano plot is ubiquitous throughout phosphoproteomic analyses and provides an easy way to visualize phosphopeptides that are changing between experimental conditions along with the associated level of significance. They are created by plotting the -log of the p-value on the y-axis versus the mean fold-change of the log2 transformed quantitative data on the x-axis. With this format, the data points that reside in the uppermost left and right quadrants represent the phosphopeptides with the largest and most highly significant alterations. To generate a volcano plot in Perseus: 

1. Select the ‘Volcano Plot’ icon located in the ‘Analysis’ pane (see the purple arrow in the image shown on the next page). 
2. Change ‘First group’ to ‘MIC’, and the ‘Second group’ to ‘Control’ and click OK. 
3. Click on the icon that appears in the workflow matrix box to view the volcano plot (see the green arrow in the image shown on the next page). Note: the plot contains parabolic curves that demarcate the points of significance as determined by a t-test and a permutation-based FDR method for multiple hypothesis corrections. 
4. To interact with the volcano plot, click on any particular data point and its Entrez Gene ID will appear along with a highlighting of its row in the matrix to the right. 
5. Change the label type by clicking on ‘Entrez Gene ID’ located in the upper left section of the volcano plot (see the orange arrows). Various options can be selected for the label type, but for the purpose of this tutorial select ‘Gene Name’. 
6. Click on the ‘Categories’ tab and pan down until the KEGG name ‘MAPK signaling pathway’ appears (see blue arrows). By clicking on the KEGG name, all of the identified members of the selected KEGG pathway will be highlighted in the volcano plot (note that many members of the MAPK signaling pathway experienced a significant alteration in their phosphorylation state).

     This example highlights one of many ways in which the data can be visually explored through a volcano plot. For more options please read through the use case found here. 


[image: ]

Statistical Analyses

     A variety of different types of statistical analyses can be performed within Perseus (t-test, one-way ANOVA, two-way ANOVA, etc.). The data in this tutorial contains two groups and therefore is amenable to analysis by the t-test. To perform this test: 

1. Click on ‘Two-sample tests’ under the ‘Tests’ tab in the ‘Processing’ pane. 
2. Using the left and right arrow buttons, for the ‘First group (right)’ move ‘MIC’ to the box on the right side, and for ‘Second group (left)’, move ‘Control’ to the box on the right side.
3. Change the ‘S0’ parameter to ‘0.1’ and make sure that ‘Use for truncation’ is showing ‘Permutation-based FDR’ and that the ‘FDR’ level is set to 0.05.
4. Click OK.  

     The matrix will now contain a categorical column of ‘Student’s T-test Significant MIC_Control’ and two numerical columns of interest ’Student’s T-test p-value MIC_Control’, and ’Student’s T-test q-value MIC_Control’. Note: in some versions of Perseus the uncorrected p-value might be presented in terms of a –Log value. For comparative purposes, perform the same procedure as described above but under ‘Use for truncation’ select the ‘Benjamini-Hochberg FDR’ method for multiple hypothesis corrections. The output from these tests can also be compared to the Benjamini-Hochberg FDR corrected p-values that were obtained from a Moderated t-test that was performed with the LIMMA package in R (3). 

Hierarchical Clustering

     The relationships of significantly changing phosphopeptides can be explored with hierarchical clustering. To accomplish this: 

1. Click on the ‘Filter rows’ tab in the ‘Processing’ pane and select the ‘Filter rows based on numerical/main  column’ option. 
2. Set the parameters as shown below, then click on OK to proceed. 
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     The matrix will now only contain the phosphopeptides that revealed a significant alteration in phosphorylation according to the BH adjusted Moderated T-test (n = 888). To proceed with hierarchical clustering, the quantitative data will need to normalized to z-scores:

1. [image: ]Click on ‘Z-score’ in the ‘Normalization’ tab of the ‘Processing’ pane.
2. Do not change the settings. Click OK to proceed. 
3. Run the ‘Hierarchical clustering’ task by clicking on the ‘Clustering/PCA’ tab within the ‘Analysis’ pane. 
4. For the purpose of this tutorial, do not change any parameters in the window. Click OK to proceed. 

Note: It would be worthwhile to explore how clustering is affected by ‘Distance measurements’ and the number of clusters used during ‘Preprocess with k-means’. 

     The default parameters will generate the heat map shown to the right.  Reassuringly, the control and treatment samples cluster together in the column dendrogram. A number of additional interactive features can be used to explore the results of the hierarchical clustering. For more information about these features see, use case 1, use case 2, use case 3.
Exporting Data from Perseus

      While Perseus offers a number of excellent features, users may find that it is easier to perform certain tasks in other programs. Importantly, any matrix generated in Perseus can be easily exported to external programs such as Excel. To accomplish this: 

1. Select the desired matrix for exporting and then click on the disk icon that is located within the ‘Export’ pane at the top of the Perseus user interface. 
2. Click on the select button, navigate to the location where you want the exported file to be saved, input the name of the file in the ‘file name’ box, and click OK. 

     The matrix will be saved as a text file. The text file can then be opened in Excel via use of the default settings in the ‘text import wizard’. Working in excel could be particularly advantageous when trying to organize lists of information for web-based programs such as Motif-X, DAVID, PHOTON, etc.   

PHOTON

[image: ]    As detailed in the main text, PHOTON is an innovative program that can be used to analyze phosphoproteomic data within the context of a protein interaction network. To begin using PHOTON, first follow the installation and launching instructions shown here. These instructions will enable PHOTON to be launched from a web browser (we recommend the use of Google Chrome). In the web browser under ‘choose file’ select the ‘Supplemental Dataset 2.csv’ file and then type in 84033 for the ‘Signaling source(anchor)’ option as shown in the image below and click submit.
· For the sake of simplicity, we have provided the Supplemental Dataset 2.csv file, however, all of the information needed to create this file can be found within Supplemental Dataset 1. Also note that 84033 represents the Entrez Gene ID for a protein called Obscurin which we identified as a potential mechanosensing protein in skeletal muscle (1). 
     The analysis by PHOTON could take several minutes to complete, and upon completion, a network such as the one shown on the next page will be displayed. This is an interactive network that allows for further exploration of the results. Moreover, the additional analyses that are performed by PHOTON can be downloaded by clicking on the icon that appears in the far bottom left of the network window. To understand the input parameters, and the results from the analyses, please refer to the manuscript by Rudolph et al., (2016) (2). 
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