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A. [bookmark: _Toc513973734][bookmark: _Toc514767411][bookmark: _Toc516560291][bookmark: _Toc535950086]Supplementary Methods 
SPECTRUM is an open source and open architecture MATLAB toolbox for the analysis of top-down proteomics data. The proposed toolbox supports multiple data file formats and an intuitive a set of graphical user interfaces (GUIs) have been provided for protein search and visualization of results. The SPECTRUM pipeline includes initial filtering of protein database which is heavily dependent on an accurate whole protein mass (MS1). Towards increasing the accuracy of this step, SPECTRUM provides an intact protein mass tuner which employs MS2 data for tuning MS1. Onwards, the tuned mass is used for shortlisting candidate proteins from user-selected protein database. Next, de novo sequencing provides peptide sequence tags (PSTs) for further filtering of candidate proteins. Lastly, a spectral comparison is performed between the theoretical spectra of candidate proteins and MS2 data. Moreover, identification of post-translational modifications (PTMs) using statistically inferred binding sites, support for blind PTM search and the identification of truncated proteins has also been provided. The methodology employed in developing each salient component of the search pipeline is outlined below.
[bookmark: _Toc513973735][bookmark: _Toc514767412][bookmark: _Toc516560292][bookmark: _Toc535950087]Intact Protein Mass Tuner
The mathematical equations detailing on SPECTRUM’s intact protein mass tuner are given below (equations (1-7)).

							  	             
Where,










is a set of MS data including mass to charge ratios (m/z) of intact proteins and its peptides along with their relative abundances,  is intact proteins mass,  where is the mass to charge ratio of pth fragment in where  is the intensity of pth fragment in  corresponding to each , and .

 			
Where,

 is a set of m/z value summations for each fragment-pair.

 	    			
Where,		


 is a set of average relative abundances for each fragment-pair in .

 	 				
Where,




 is a set of elements in  falling within the user defined mass tolerance and corresponding , and  is user-defined intact protein mass tolerance.

 		
Where,



is a set of summations of m/z values and corresponding intensities falling within pth window,  is the mass of proton i.e. 1.007276 Da, and  is the seeding point of pth sliding window.

 						
Where,

 is a set of fragment-pair sums and corresponding intensities falling in the window with the maximum number of elements.

 								
Where,




[bookmark: MTBlankEqn][bookmark: _Toc513973736] is the tuned protein mass,, and  is total number of fragment-pairs in . 
[bookmark: _Toc514767413][bookmark: _Toc516560293][bookmark: _Toc535950088]Computing Theoretical Mass of a Protein
The mathematical equation for calculating protein mass has been described below (equation (8)).

 					
Where,





is theoretical protein mass calculated using protein sequence, is a protein sequence containing standard amino acids, returns the monoisotopic molecular weight of i th amino acid,  is number of amino acids in the protein sequence, and  is monoisotopic mass of water.
[bookmark: _Toc513973737][bookmark: _Toc514767414][bookmark: _Toc516560294][bookmark: _Toc535950089]Extraction of Peptide Sequence Tags
The process of extracting peptide sequence tags (PSTs) from MS2 data has been described below in equations (9-13).

			
Where,



 is a set of m/z value differences for each fragment-pair, and  is the mass to charge ratio of nth fragment in .

				
Where,





 is a set of average relative intensities for each fragment-pair in , and  is the relative abundance of nth fragment in  corresponding to  values.

				
Where,





 is a set of elements in matching standard amino acids masses within user defined tolerance and corresponding intensities from in,  is user defined peptide sequence tag hop tolerance, and  is a set of monoisotopic masses of standard amino acids.

 				
Where,


 is the set of amino acid tags obtained corresponding to m/z values in .






Let,  and  be the start and end positions of hops  and  corresponding to the masses of amino acids  and respectively. 

							
Where,


 is an amino acid tag, and  is the peptide sequence tag obtained after collation of amino acids having equal start and end peaks.
[bookmark: _Toc513973738][bookmark: _Toc514767415][bookmark: _Toc516560295][bookmark: _Toc535950090]Spectral Generation and Comparison
The process of generating theoretical spectra has been described below in Supplementary equations (14-15).

 						

 				
Where,



returns the mass of an amino acid present at ith position in the protein, represents the monoisotopic mass of fragment lost as neutral molecule, and  is number of amino acids in the protein sequence.

[bookmark: _Toc535950091]FDR Estimation Process
For any given score threshold, a protein is classified as a target only (TO) or decoy only (DO). If target protein’s score is greater than the score threshold, the protein entry is considered TO otherwise it is classified as DO. In the case where both target and decoy hits score above the threshold, they are distinguished based on which of the two has a higher score. If target protein has better score it is called target better (TB) otherwise we classify it as decoy better (DB). Onwards, FDR computation is performed using equation (16), below.
[image: ]		                         					 (16)


B. [bookmark: _Toc516560296][bookmark: _Toc535950092][bookmark: _Toc514767416]Supplementary Results 
1. [bookmark: _Toc514767417][bookmark: _Toc516560297][bookmark: _Toc535950093]Case Study I – Evaluation of SPECTRUM Search with Known Target Protein
A case study was performed to validate SPECTRUM by using a HeLa spectral dataset1 of Histone H4 protein. Alongside, we also undertook a blind PTM search and a parameter sensitivity analysis. SPECTRUM’s blind PTM search module was compared with TopPIC by allowing for mass shifts. SPECTRUM characterized seven PTMs from three data files while TopPIC only reported unknown mass shifts for seven identifications without translating them into PTMs. The detailed results are provided below in Supplementary Table S8.
[image: ]
Supplementary Table S8. Comparison of blind PTM search results from SPECTRUM and TopPIC. SPECTRUM reported PTMs from three out of ten data files while TopPIC reported unknown mass shifts for seven data files without translating them into PTMs. 
To analyze the specific impact of intact mass, PST and in silico components on SPECTRUM’s pipeline, a parameter sensitivity analysis was conducted. The results obtained indicated that variations in PST length have a significant impact on protein identification as compared to that in mass tolerance, indicating a minimal effect. The results have been tabulated in Supplementary Table S9.
[image: ]
Supplementary Table S9. Parameter Sensitivity Analysis. Parameter sensitivity analysis was performed on SPECTRUM’s intact mass, PST and in silico comparison components. Intact protein mass and in silico spectral comparison tolerances was varied between 250-2000 Da and 15-25 ppm, respectively. PST lengths of 3-6 and 4-6 were considered.
2. [bookmark: _Toc535950094]Case Study II – Evaluation of SPECTRUM Search with Unknown Target Protein 
A case study was performed to validate SPECTRUM by searching a published Escherichia coli dataset2. The table below indexes the supplementary tables S16-S23 with summary results for each file along with complete search results (Supplementary Data S4), for the case study. 
	Dataset
	PST Status
	Database
	Result 
	Supplementary Data File Name

	E-coli – CID Dataset
	PST
	Target
	Summary 
	Supplementary Table S17 - Complete Results - SPECTRUM with PSTs - CID - Target Search

	
	
	
	Complete 
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM with PSTs - CID - Target Search)

	
	
	Decoy
	Summary 
	Supplementary Table S16 - Complete Results - SPECTRUM with PSTs - CID - Decoy Search

	
	
	
	Complete 
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM with PSTs - CID - Decoy Search )

	
	Without PST
	Target
	Summary 
	Supplementary Table S21 - Complete Results - SPECTRUM without PSTs - CID - Target Search

	
	
	
	Complete 
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM without PSTs - CID - Target Search)

	
	
	Decoy
	Summary
	Supplementary Table S20 - Complete Results - SPECTRUM without PSTs - CID - Decoy Search

	
	
	
	Complete
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM without PSTs - CID - Decoy Search )

	E-coli – ETD Dataset

	PST
	Target
	Summary 
	Supplementary Table S19 - Complete Results - SPECTRUM with PSTs - ETD - Target Search

	
	
	
	Complete 
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM with PSTs - ETD - Target Search)

	
	
	Decoy
	Summary 
	Supplementary Table S18 - Complete Results - SPECTRUM with PSTs - ETD - Decoy Search

	
	
	
	Complete 
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM with PSTs - ETD - Decoy Search)

	
	Without PST
	Target
	Summary 
	Supplementary Table S23 - Complete Results - SPECTRUM without PSTs - ETD - Target Search

	
	
	
	Complete 
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM without PSTs - ETD - Target Search)

	
	
	Decoy
	Summary
	Supplementary Table S22 - Complete Results - SPECTRUM without PSTs - ETD - Decoy Search

	
	
	
	Complete
	Supplementary Data S4 - Case Study 2 - Complete Results (Complete Result Files - SPECTRUM without PSTs - ETD - Decoy Search)




C. [bookmark: _Toc513973741][bookmark: _Toc514767419][bookmark: _Toc516560298][bookmark: _Toc535950095]Graphical User Interfaces (GUIs) of SPECTRUM

	SPECTRUM – Main Graphical User Interface (GUI)

	


SPECTRUM Main GUI provides entry-point to users for setting up spectral data, protein database and general search parameters. 

	SPECTRUM – Intact Protein Mass Tuner

	


GUI to tune intact protein mass towards augmenting MS1 measurements for scoring and filtering protein databases.

	SPECTRUM – GUI for Setting-up PST Search Parameters

	


GUI to provide peptide sequence tag search parameters for scoring and filtering protein databases.

	SPECTRUM – GUI for Selecting Fragmentation Ions and Mass Mode

	


GUI to specify special ‘Fragmentation Ions’ (optional) and ‘Mass Mode’ (protonated/Neutral) in the search process.

	SPECTRUM – GUI for Setting-up Chemical and Terminal Modifications

	


GUI to specify ‘Chemical Modifications’ along with ‘Terminal modifications’.

	SPECTRUM – GUI for Setting-up Scoring Component Weights

	


GUI to tailor final scoring scheme wherein users can tune weights for individual component scores to obtain the final score.

	SPECTRUM – Summary Result GUI

	


A GUI for displaying a list of ranked proteins along with their corresponding intact masses, terminal modifications and final scores.

	SPECTRUM – Detailed Results GUI

	










Using the ‘Detailed Protein View’ GUI, users can view detailed information of each protein hit such as predicted modifications, reported peptide sequence tags, spectral visualization and matched theoretical fragments.






D. [bookmark: _Toc513973742][bookmark: _Toc514767420][bookmark: _Toc516560299][bookmark: _Toc535950096]Step-by-Step Guidelines for using SPECTRUM

	



	Step 1: Run the main GUI of the toolbox and input the ‘Project Title’.
	
	
	Step 2: Choose the processing mode as either ‘Single Search’ or ‘Batch Mode’. For the batch run choose the ‘File Type’.

	


	Step 3: Choose the directory for the Database, peak list file and output folder.
	
	
	Step 4: Select whether to ‘Filter Protein Database’ for intact protein mass and tune the whole protein molecular weight.

	


	Step 5: Select whether to allow for ‘Truncated Proteoforms’.
	
	
	Step 6: Select the ‘Fragmentation’ type.

	


	Step 7: Select ‘Experimental Detail’ to include special ions in protein search. Select ‘Mass Mode’ of experimental data.
	
	
	Step 8: Select the desired ‘Fixed’ and ‘Variable’ post translational modifications or search for ‘Blind PTMs’.

	


	Step 9: Select cystine and methionine ‘Chemical Modifications’ along with desired ‘Terminal Modifications’. 
	
	
	Step 10: Set the fragments and molecular weight ‘Tolerance’ with desired tolerance measurement.

	


	Step 11: If user selects molecular weight tuning, the molecular weight estimation GUI will open. Using it, the intact mass can be estimated within tolerance.
	
	
	Step 12: In the PST GUI, add the length of sequence tag, ‘Tolerance For Each Hop’ and ‘Tolerance For Whole PST’ to check for and score PST’s in the peak list file.

	


	Step 13: Select the weight of each component towards final scoring
	
	
	Step 14: This GUI will show summary result. To see detailed results for a protein, select ‘Detailed View’.

	


	Step 15: Detailed View of the protein selected in Step 14.
	
	
	Step 16: This GUI is for spectral visualization of theoretical and experimental matches and mass differences.





	
	Step 17: This GUI will show number of matched fragments. 
	


E. [bookmark: _Toc513973739][bookmark: _Toc514767421][bookmark: _Toc516560300][bookmark: _Toc535950097]Availability
	Item
	Description
	Link

	Project Home
	URL link for SPECTRUM project home
	https://github.com/BIRL/SPECTRUM

	Downloads
	Downloadable version of SPECTRUM 
	https://github.com/BIRL/SPECTRUM/archive/master.zip

	User’s Manual
	SPECTRUM User manual can be found here.
	https://github.com/BIRL/SPECTRUM/blob/master/Documentation/User%20Manual.pdf 

	Pull Requests
	Pull Requests page is available at this link where codes for SPECTRUM are collaborated.
	https://github.com/BIRL/SPECTRUM/pulls

	Issues 
	Issues and related discussions can be made at the issues page for SPECTRUM.
	https://github.com/BIRL/SPECTRUM/issues

	Dataset 1 – HeLa 
	Sample Data files used for performing SPECTRUM case study 1 are available at the following link.
	https://github.com/BIRL/SPECTRUM/tree/master/SampleDataandResults/CaseStudy1

	Dataset 2 – 
E. Coli
	Sample Data files used for performing SPECTRUM case study 2 are available at the following link.
	https://github.com/BIRL/SPECTRUM/tree/master/SampleDataandResults/CaseStudy2 

	Example Files
	A sample raw data file as well as its mzXML, mzML, MGF and Flat Text versions for searching with SPECTRUM is available at the following link.
	https://github.com/BIRL/SPECTRUM/tree/master/SampleDataandResults/ExampleFile/

Note: SPECTRUM does not support space character in directory or file names.

	 SPECTRUM Executable
	Public Mega folder containing the SPECTRUM Executable file (SPECTRUM.exe) for 64-bit Windows® operating system
	https://mega.nz/#F!x6BUzTTK!6Z-hSUbAQV_e8_VGXzSWbw 



F. [bookmark: _Toc513973740][bookmark: _Toc514767422][bookmark: _Toc516560301][bookmark: _Toc535950098]
Video Tutorials 
	Tutorial Description
	Playlist Title / Video Title in Playlist

	Complete Playlist - The following instructional videos have been made available in the form of a playlist titled “SPECTRUM” at the link: https://www.youtube.com/playlist?list=PLaNVq-kFOn0YH6DpEMlXuxGwz8y7abZfQ
	SPECTRUM Version 1.0.0.0: A MATLAB Toolbox for Protein Identification from Top-Down Proteomics Data

	Download and Launch SPECTRUM
	Video Tutorial 01 – Downloading, Installing and Running SPECTRUM

	Raw to mzXML File Format Conversion
	Video Tutorial 02 - Raw to mzXML file format conversion

	Raw to mzML File Format Conversion
	Video Tutorial 03 - Raw to mzML file format conversion

	MzXML to MGF File Format Conversion
	Video Tutorial 04 - MzXML to MGF file format conversion

	MGF to Flat Text File Format Conversion
	Video Tutorial 05 - MGF to Flat Text file format conversion

	Single Mode Search
	Video Tutorial 06 - Single Mode Search

	Batch Mode Search
	Video Tutorial 07 - Batch Mode Search (Flat Text Files)

	Downloading and Using Protein Databases
	Video Tutorial 08 - Downloading and Using Databases

	Performing Search for mzXML File 
	Video Tutorial 09 - Performing Search for mzXML File

	Performing Search for mzML File 
	Video Tutorial 10 - Performing Search for mzML File

	Performing Search for MGF File
	Video Tutorial 11 - Performing Search for MGF File

	Computing FDR and Interpreting Results
	Video Tutorial 12 - Interpreting Results for Case Study 2


G. [bookmark: _Toc514767423][bookmark: _Toc516560302][bookmark: _Toc535950099]
Worked Examples
To exemplify the use of SPECTRUM, several worked out examples have been assembled and provided below. 
1. [bookmark: _Toc516560303][bookmark: _Toc535950100]Single File Search with Known Protein 
Step 1 – Enter the Project title and select ‘Single Search’ button. Browse for Data file and select MS data file (*.txt) for analysis. Browse for the folder containing database(s). Select Database File (e.g. uniprot.fasta). 


Step 2 – Click ‘Filter Protein Database’ to filter protein database on the basis of MS1 and ‘Truncated Proteoforms’ to allow search for truncated proteoforms.


Step 3 – Select fragmentation type and click ‘Experimental Detail’ to provide experimental search details (Mass Mode and Type of Special Ions). 


Step 4 – Browse to select for the folder for saving ‘Search Parameters’. Browse to select for the folder to save ‘Results’. Select ‘Auto Tune’ to allow for tuning of MS1 using MS2 data. Enter protein mass, peptide and PTMs tolerances. 


Step 5 – Click ‘Other Modifications’ to select for ‘Chemical and Terminal modifications’.


Step 6 – Select ‘Fixed’ and ‘Variable’ PTMs or click ‘Blind PTM Search’ to allow search for unknown post-translational modifications. Click ‘Next’ to proceed. 



Step 7 – Select ‘Filter Protein Database using PSTs’ to allow for peptide sequence tag-based search. Select for PST length and tolerance. Click ‘Next’ to proceed. Select ‘Scoring Components Weightage’ and click ‘Next’. 

Step 8 – Search Results will be displayed. Click ‘view’ for detailed results.




2. [bookmark: _Toc516560304][bookmark: _Toc535950101]Batch Mode Search 
[bookmark: _Toc516560305]Step 1 – Enter the Project title and select ‘Batch Mode’ button. Browse for the folders containing data files for analysis and select the ‘File type’. Browse for the folder containing database(s). Select Database File (e.g. uniprot.fasta). 


Step 2 – Click ‘Filter Protein Database’ to filter protein database on the basis of MS1 and ‘Truncated Proteoforms’ to allow search for truncated proteoforms.


Step 3 – Select fragmentation type and click ‘Experimental Detail’ to provide experimental search details (Mass Mode and Type of Special Ions). 


Step 4 – Browse to select for the folder for saving ‘Search Parameters’. Browse to select for the folder to save ‘Results’. Select ‘Auto Tune’ to allow for tuning of MS1 using MS2 data. Enter protein mass, peptide and PTMs tolerances. 


Step 5 – Click ‘Other Modifications’ to select for ‘Chemical and Terminal modifications’.


Step 6 – Select ‘Fixed’ and ‘Variable’ PTMs or click ‘Blind PTM Search’ to allow search for unknown post-translational modifications. Click ‘Next’ to proceed. 


Step 7 – Select ‘Filter Protein Database using PSTs’ to allow for peptide sequence tag-based search. Select for PST length and tolerance. Click ‘Next’ to proceed. Select ‘Scoring Components Weightage’ and click ‘Next’. 



[image: ]Step 8 – Search Results will be saved as an excel sheet. Open file to view results.



3. [bookmark: _Toc535950102]Uploading a New Database
Step 1 – Go to UniProt 3 (http://www.uniprot.org/) to download a new database. Select for the organism (e.g. Rat) from the left to download its database.


Step 2 – Select ‘Download all’ in ‘FASTA’ format and click ‘Go’ to download a ‘compressed’ file. 


Step 3 – Extract file and move the (*.fasta) file to ‘databases’ folder within SPECTRUM Toolbox folder. 


Step 4 – Browse for the ‘databases’ folder containing the downloaded database. Select downloaded Database File (e.g. uniprot-rat.fasta).





4. [bookmark: _Toc535950103]Search for Unknown PTMs using Blind-PTM search
Step 1 – Follow the steps mentioned in ‘Single Mode’ or ‘Batch mode’ search as required. Click ‘Blind PTM search’ to search for unknown modifications.


Step 2 – Search results will be displayed. Click ‘view’ for detailed results. Location of unknown modifications along with their type will be present at the top of respective amino acid.


Step 3 – Click ‘Legends’ to view details of modifications (A). Click ‘Experimental and Theoretical Fragment Matches’ to view details of fragment matches (B). Click ‘Mass Spectra’ for visual inspection of mass spectra (C). Click ‘Amino acid Abbreviations Chart’ to view amino acids and their three-letter and one-letter abbreviation (D).







H. [bookmark: _Toc535950104]Feature Comparison
A feature comparison between SPECTRUM, MASH Suite Pro4, MSPathFinder5, ProSightPC6,7. TopPIC2 and pTop8 is provided in the table below. 
[image: ]
Supplementary Table S24. Comparison of features offered by SPECTRUM and contemporary tools. 

A table summarizing the comparison of file formats supported by SPECTRUM as well as other top-down proteomics tools including MSPathFinder5, ProsightPC6, TopPIC2 and pTop8 is as follows.

	Tools
	Formats Supported
	Peak Used

	
	Raw
	msalign
	Text
	MGF
	mzXML
	mzML
	PUF 
	

	MSPathFinder
	 
	 
	 
	 
	 
	 
	 
	Monoisotopic

	Prosight PC
	 
	 
	 
	 
	 
	 
	 
	Monoisotopic

	TopPIC
	 
	 
	 
	 
	 
	 
	 
	Monoisotopic

	pTop
	 
	 
	 
	 
	 
	 
	 
	Monoisotopic

	SPECTRUM
	 
	 
	 
	 
	 
	 
	 
	Monoisotopic

	
	
	
	
	
	
	
	
	

	* PUF - ProsightPC Upload Format
	
	
	
	
	



[bookmark: _GoBack]Supplementary Table S25. Comparison of input file formats offered by SPECTRUM and contemporary tools. 
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Sr. #

File Information

True Protein: P62805 (Histone H4)

Protein Rank

Known 

Reported 

Modification 

Unknown Mass 

Shift

Protein Rank

Known 

Reported 

Modification

Unknown Mass 

Shift

1 HELA_pk13_sw1_66sc_mono 1

Acetylation of G; 

Acetylation of K; 

Acetylation of K

0 1 ‡ 126.06

2 HELA_pk17_sw1_140sc_mono 1 ‡ 144.0214 1 ‡ 144.36

3 HELA_pk18_sw1_160sc_mono 1 ‡ 126.021 1 ‡ 126.36

4 HELA_pk18_sw2_160sc_mono 1 ‡ 112.005 1 ‡ 112.35

5 HELA_pk19_sw1_210sc_mono 1

Acetylation of G; 

Acetylation of K

42.000 1 ‡ 126.36

6 HELA_pk19_sw2_255sc_mono ∆ ‡ 0 N/A N/A N/A

7 HELA_pk19_sw3.1_147sc_mono 1

Acetylation of G; 

Acetylation of  A

59.873 1 ‡ 144.23

8 HELA_pk20_sw1_205sc_mono ∆ ‡ 0 ∆ ‡ 61.46

9 HELA_pk20_sw2_202sc_mono 1 ‡ 112.0054 N/A N/A N/A

10 HELA_pk20_sw3_215sc_mono 1 ‡ 126.021 1 ‡ 126.360

N/A : Not applicable as no protein was found for these searches

   

∆ 

:  True protein not found/ not reported as top-identification

   

‡  

 : No known modification found

SPECTRUM 

Blind Post-Translational Modification Search

No Prior Modification was 

Selected by User

TopPIC

Unknown Mass Shifts
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Sr. # File Information

1 HELA_pk13_sw1_66sc_mono
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