PUTMEDID-LCMS Metabolite ID Workflows – 
Standard Operating Protocol v1.0
Written by Marie Brown and Warwick Dunn
1. Download and installation of Taverna Workbench

(i) Go to the following weblink and follow instructions to download and install Taverna workbench
http://www.taverna.org.uk/download/workbench/

(ii) Further information on the operation of Taverna can be found at the following weblink

http://www.taverna.org.uk/documentation/
2. Files available for operation and training
A. Three Workflows for operation in the Taverna environment (*.xml)
· Workflow 1 - List_CorrData.xml
· Workflow 2 - annotate_Massmatch.xml
· Workflow 3 - matchMF_MF.xml
B. Pre-defined Files
· Tav_Isotopes.txt file (for use in workflow 2)
· Tav_Adducts.txt file (for use in workflow 2)
· trimMMD_sortAmass.txt file (for use in workflow 2)
· trimMMD_sortMF.txt file (for use in workflow 3)
C. Example Study Files
· Study_pospeaks.txt (input for use in workflows 1 and 2)
· Study_posdata.txt (input for use in workflow 1)
D. Example output files

· Study_pos_CorrListP.txt (output from workflow 1)
· Study_pos_hits_3ppmMMD.txt (output from workflow 2)
· Study_pos_allpeaks_3ppmMMD.txt (output from workflow 3)
· Study_pos_listpeaks_3ppmMMD.txt (output from workflow 3)
· Study_pos_matchedpeaks_3ppmMMD.txt (output from workflow 3)
3. File and Parameter descriptions
The Taverna workflows are described below in the following sections. In generalised terms the workflows incorporate the following steps

(a) List_CorrData (Workflow 1)

· Based on peak response data calculates Pearson (or Spearman Rank) correlation for all pairs of peaks with retention time difference < user defined value and correlation > set value OR

· Reads in previously calculated Correlation data for all pairs of peaks with retention time difference < user defined value  and correlation > set value 
· Input files must be in either txt or csv file format 
· Writes output from above into a tab-delimited list of pair wise peaks and their correlation. This data is sorted internally by Peak 1 and then Peak 2 in ascending order before input to Workflow 2
       The parameters within the workflow are:

· ChooseCorrMethod:

· P (or p) for Pearson correlation calculation 

· S (or s) for Spearman rank correlation calculation 

· Any other alphanumeric value for reading in already calculated correlation data 

· DataFile_Type – txt file format (default) but csv file format is also valid

· PeakFile_type – txt file format (default) but csv file format is also valid

· CorrLim – 0.7 (default)

· rtdiff – 5 (default)

(b) annotate_Massmatch (Workflow 2)

· Uses correlation coefficient information (Spearman Rank or Pearson) based on peak area data to generate a framework of related features (the same metabolite detected as different ion types and with different accurate masses)
· For each ion mode the workflow uses accurate mass difference, median peak area, retention time information and pair wise correlation coefficient data to group together and annotate features originating from the same metabolite

· matches experimentally determined accurate m/z to accurate mass of unique molecular formula (MF) in a reference file within specified tolerance 

       The parameters within the workflow are:

· Ion_mode : negative or positive

· mass_ppm_tol : relative accurate m/z difference between experimentally observed and theoretically expected accurate m/z

· min_massdiff : minimum absolute m/z error – 0.00075 (default)
· rtlim – limit of retention time difference between peaks for grouping (secs)  - 2.5 (default)
· rtmin : remove features with retention time less than the set value (e.g. metabolites eluting in the void volume of the chromatography system) – 30 (default)
· rtmax : remove features with retention time greater than the set value

· Corrlim – correlation limit used for isotopes and adducts (internally artifact and dimer peaks are identified using different limits) – 0.9 (default)
(c) matchMF_MF (Workflow 3)

· matches MF as calculated in Workflow 2 to the molecular formula(e) of metabolites present in a reference list (e.g. MMD).

4. Methods and Implementation

The current lack of freely available workflows or software to process deconvoluted data acquired from electrospray LC-MS experiments led the authors to develop three workflows. The workflows have been developed in Taverna (Hull, et al., 2006) using Beanshell, a Java scripting language, which is enabled in Taverna and can perform data manipulation, parsing and formatting. Taverna can be downloaded from http://www.taverna.org.uk. The workflows were developed under Windows using Taverna v1.7.0 and subsequently tested using Taverna Workbench 2.2.0.  In combination the workflows perform the automated, high-throughput annotation and putative metabolite identification of electrospray LC-MS and UPLC-MS metabolomic datasets.

The workflows, related files and standard operating procedure are available to the user community on http://www.mcisb.org/resources/zzsdfgaxvf.html and will also be placed on MyExperiment (http://www.myexperiment.org/). In general the input and output files are tab-delimited (*.txt) files and are sorted by ascending  accurate mass or molecular formula as appropriate (ordered as C, H, N, O, P, S, Br, Cl, F, Si in ascending alphanumeric form as is standard for PubChem). Internal checks are made within the workflows to ensure that the number of features in both peak and data files match (Workflow 1) or the study and reference input files are sorted either by accurate m/z (Workflow 2) or molecular formula (Workflow 3). Termination of the process occurs and reporting of an informative error message occurring if this is not the case. The three workflows will be described in more detail below.

2.1     Workflow 1 - List_CorrData

Workflow 1 allows the user to calculate either Pearson or Spearman Rank correlations or read in previously calculated correlation data.  The correlation calculations allow for NaN, Inf and 0 in the input data and are equivalent to using the Matlab (http://www.mathworks.co.uk/) corr function with the following parameters:

corr(Xdata,’rows’,’pairwise’,’type’,’Pearson’) or corr(Xdata,’rows’,’pairwise’,’type’,’Spearman’)

For optimal operation correlations are only calculated for peaks whose retention time (rt) differ by less than the set value (rtdiff). Only correlations > CorrLim (default 0.7) where the rt difference is < rtdiff (default 5) are reported to assist in more rapid processing of data in workflow 2. For low numbers of samples better results are obtained by bootstrapping the correlation calculations using other software e.g. Matlab or R. The pair wise correlation matrix can then be read into the workflow and written out as a tab-delimited list. Parameters are user-controlled to allow the user to choose the appropriate value or string:

•
CorrLim: 0.7 (default)

•
rtdiff: 5 (default)

•
ChooseCorrMethod: P (or p) for Pearson correlation calculation, S (or s) for Spearman rank correlation calculation or any other alphanumeric value for reading in already calculated correlation data 

The two input files for the workflow can be present in .txt or .csv format and have the following construction:

•
Peak file : mass data following deconvolution (column A - Peak No., column B - accurate m/z in ascending order, column C -  retention time in seconds and column D - median peak area), sorted by ascending accurate m/z

•
Peak data corresponding directly to the Peak file above: either peak response in n rows (n features) x n columns (samples) or a square data matrix (n x n) corresponding to all the calculated pair wise correlations. This data may be either a csv or tab-delimited txt file

   The output from this workflow is a tab-delimited file constructed with pair wise correlations between all possible peak pairs where the calculated correlation is greater than CorrLim and the rt differences is less than rtdiff.

Workflow 2 - annotate_MassMatch Workflow

Workflow 2 uses correlation coefficient information calculated in workflow 1, accurate m/z difference, rt and median peak area data to group together and annotate features with the type of ion (isotope, adduct, dimer, others) originating from the same metabolite. The same metabolite can be detected as different ion types each with different m/z. Following annotation the experimentally determined accurate m/z are matched to the accurate m/z of unique molecular formula (MF) in a reference file within a specified m/z tolerance

The input files for the study have the following format:

•
Peak file : mass data following deconvolution (column A - Peak No., column B - accurate m/z in ascending order, column C -  retention time in seconds and column D - median peak area), sorted by ascending accurate m/z

•
A list of correlation coefficient data between peak pairs (Peak A, Peak B), correlation, sorted by ascending Peak A and then ascending Peak B.   Optimally only correlations > CorrLim value set in workflow 1 and where the rt difference is < rtdiff set in workflow 1 are included to assist in more rapid processing of data. 

Parameters are user-controlled to allow the user to choose the appropriate value or string:

•
Ion_mode: negative or positive

•
mass_ppm_tol: relative accurate m/z difference between experimentally observed and theoretically expected accurate m/z

•
min_massdiff: minimum absolute m/z error

•
rtlim: limit of retention time difference between peaks for grouping (seconds) 

•
rtmin: remove features with retention time less than the set value (e.g. metabolites eluting in the void volume of the chro-matography system)

•
rtmax: remove features with retention time greater than the set value

•
Corrlim: correlation limit used for isotopes and adducts (internally artifact and dimer peaks are identified using different limits)


The workflow operates by assuming all features are independent. Default group numbers (“0”), PeakType (“A”) and useLabel (“0”) are set internally and modified as relationships between features are calculated.  The median peak area for each feature is combined with isotopic information to calculate the estimated number of carbon, sulphur and chloride atoms per mole of metabolite.  Annotation of features is performed in a set order, identifying artifact and isotope features before adducts, with similarly a specified order for annotating adducts used to optimise recognition of multiple adducts of a single metabolite. The PeakType and useLabel for all annotated features are modified as shown below in parentheses:

•
features with no annotation (A, 0)

•
features with annotated isotopes only – singly charged (M, 1)

•
features with annotated adducts (M, 2)

•
adducts (M_Na, M_HCOONa., 3)

•
dimers (D, 4)

•
annotation of features containing Na, K, Cl and formate which are not coupled with metabolites but which are found in complex biofluids (S, 5)

•
annotation of unmatched peaks as isotopes using slightly increased ppm tolerance and reduced correlation limit (I, X, 6)

•
isotopes and multiply charged peaks (I, X, 7)

•
FT artifact peaks (based on pattern of small mass difference, low intensity  (Brown, et al., 2009)) (F, 8)

•
features outside the valid rt range (E, 9)


All related features after annotation are grouped together, assigned a group number (‘MetGroup’ - the same group number for each ion type of the same metabolite) and features with a useLabel > 4 are excluded from further processing because the accurate m/z does not represent the data present in the two reference files and their inclusion would increase the false positive rate of identification. For example, data representing the 13C isotopes of metabolites are not included in the reference files and therefore matching to these is not achievable. However, isotope and FT artifact peaks are annotated and linked to the molecular ion and adduct ions which allows for matching to the appropriate metabolite identification within workflow 3. This shows a further benefit of annotation before identification. 

   Following annotation the accurate m/z from the remaining experimental data is matched to the accurate mass in the reference file using PeakType and useLabel information. The reference file is composed of accurate mass and corresponding molecular formula and is composed of 13061 entries.  Where no annotation information is known for a feature a comprehensive list of potential matches for all ions/adducts is performed. Where more detailed information is known regarding the ion/adduct (e.g. M_Cl, M_Na) only restricted matches are performed based on the annotation data and does not search for all possible ion types. Table 1 provides a summary of the ion/adducts applied for matching in the respective ion modes.

	Peak Type
	useLabel
	Matches Ion/Adducts
	Ion Mode

	A
	0
	H, Na, K, Na*2,NH3, NaCl, KCl, NaCl*2, HCOONa, Na_HCOONa, HCOOK,NaCl+HCOONa, (HCOOH, Cl – negative only)
	negative / positive

	M (isotopes but not adducts)
	1
	H, Na, K, Na*2, NH3, NaCl, KCl, NaCl*2, HCOONa, Na_HCOONa, HCOOK, NaCl+HCOONa,

(HCOOH, Cl – negative only)
	negative / positive

	M
	2
	H, HCOOH
	negative

	M
	2
	H, Na
	positive

	M_Cl
	2
	M_NaCl, M_Cl
	negative

	M_Cl
	2
	M_NaCl
	positive

	M_Na
	3
	Na, Na*2
	negative / positive

	M_HCOONa
	3
	HCOONa, Na_HCOONa
	negative / positive

	M_[HCOOH]*
	3
	H, HCOOH
	Positive

	M_[NH3]*
	3
	H, NH3
	Positive

	Simple adducts M_NaCl_HCOONa
	3
	These features are annotated, grouped and matched appropriately
	negative / positive

	Complex multiple    adducts e.g. M_NaCl_NCOONa_HCOONa_HCOONa
	3
	These features are annotated and grouped but not matched
	negative / positive


Table 1. Summary of all ions/adducts which are applied for matching in negative and positive ion mode

   The output from this workflow is the study input data, the MatchedMF and related Adduct and mass accuracy data. These data are then available to be saved as a tab-delimited txt file for further processing in Workflow 3.

Workflow 3 - MatchMF_MF Workflow

In this workflow the MF from the output file calculated in Workflow 2 is matched to the MF from the Reference file of metabolites (MMD_reference or other appropriate reference file). The metabolite information for all matched MFs is added to the input data and output data are generated in three formats, each of which can be saved as tab-delimited .txt files by the user.

Features are written out with either 

· (a) annotation for excluded,  multiply chlorinated or complex adducts and multiply charged features where no further molecular formula matching was performed in workflow 2, (b) concatenated matched MFs, adducts and metabolite names and a count of the number of MF matches where a feature has been matched to a MF and/or metabolite or (c) matched isotopes, FT artifacts and dimers are given the concatenated MFs etc. as the parent metabolite (d) unidentified where there was no match to a metabolite in the MMD_reference file (Allpeaks_txt).

· every feature matched to a single MF is written as full data + concatenated metabolite names (MatchedData_txt).

· every matched feature  is written as a single entry, full data + metabolite name+ ID (List_MatchedData_txt).

5. Data Preparation
· Format your data to match the following requirements. The file can be saved with any filename and note the filename for reference. However, it is recommended to maintain the file naming protocol as defined in this SOP for ease of use.

· Study_*peaks.txt (e.g. Study_pospeaks.txt) must have a header row and minimum of 4 columns in the following order: PeakNo, m/z, rt, MPA (Median Peak Area)
· Additional data is allowed in Study_*peaks.txt (e.g. Study_pospeaks.txt) but for formatting reasons it is important that all cells in the final column have an entry
· Study_*peaks.txt (e.g. Study_pospeaks.txt) must have n rows relating to n peaks
· The peak order in Study_*peaks.txt (e.g. Study_pospeaks.txt)  and Study_*data (e.g. Study_posdata.txt) must be the same
· Before use in Workflow 2 the Study_*peaks.txt file must be sorted (in Excel or similar) by m/z
· An example is attached (Study_pospeaks.txt)
· Study_*data.txt (e.g. Study_posdata.txt) must not have a header row and must be either

(i) n rows relating to n peaks and m columns relating to m samples OR

(ii) n x n square matrix containing pair wise correlations for n peaks
· an example is attached (Study_posdata.txt)
6. Operation of WorkFlow 1 – List_CorrData

(i) Open Taverna (double-click either runme.bat or Taverna.exe in the Taverna folder)

(ii) Click on File/Open workflow/List_CorrData.xml
(iii) In the bottom left window right click on ChooseCorrMethod. Right click on Edit string value and enter correct string as defined below:

· P (p) (Pearson)
· S (s) (Spearman)
· N (or other alphanumeric) (read in Correlation data)
(iv) In the bottom left window right click on DataFile_Type. Right click on Edit string value and enter correct string as defined below
· txt or csv

(v) In the bottom left window right click on PeakFile_Type. Right click on Edit string value and enter correct string as defined below

· txt or csv

(vi) In the bottom left window right click on CorrLim. Right click on Edit string value and enter correct string as define below
· 0.7 (default)

(vii) In the bottom left window right click on rtdiff. Right click on Edit string value and enter correct string as define below
· 5 (default)

(viii) Click on File/Run workflow
(ix) Browse for Files

(a) Select Peak File
· Study_pospeaks.txt 

(b) Select Data File
· Study_posdata.txt
(x) When workflow is completed save output file by right clicking on the text icon in the left hand window. Click on save to file, select file location and name as Study_pos_CorrListP.txt.
7. Operation of WorkFlow 2 – annotate_Massmatch
(i) Format your data to match the following requirements. The file can be saved with any filename and note the filename for reference. An example is shown in the attached file (Study_pospeaks.txt).
· Sort (in Excel or similar) Study_*peaks.txt by ascending mz (where * is pos or neg)
(ii) Open Taverna (double-click either runme.bat or Taverna.exe in the Taverna folder)

(iii) Click on File/Open workflow /annotate_Massmatch
(iv) In the bottom left window right click on Ion_mode. Right click on Edit string value and enter correct string as defined below
· neg or pos

(v) In the bottom left window right click on mass_ppm_tol. Right click on Edit string value and enter correct string as defined below

·  3 

(vi) In the bottom left window right click on min_massdiff. Right click on Edit string value and enter correct string as defined below

·  0.00075 (default)

(vii) In the bottom left window right click on rtlim. Right click on Edit string value and enter correct string as defined below

· 2.5 (default)

(viii) In the bottom left window right click on rtmin. Right click on Edit string value and enter correct string as defined below

· 30 (default)

(ix) In the bottom left window right click on rtmax. Right click on Edit string value and enter correct string as defined below

· 1200

(x) In the bottom left window right click on Corrlim. Right click on Edit string value and enter correct string as defined below

· 0.9 (default)

(xi) Click on File/Run workflow
(xii) Browse for Files
(a) Select Isotopes File
· Tav_Isotopes.txt (default)
(b) Select Adducts File
· Tav_Adducts.txt (default)
(c) Select Reference Mass File
· trimMMD_sortAmass.txt
(d) Select Mass File to Check
· Study_pospeaks.txt
(e) Select Correlations File

· Study_pos_CorrListP.txt
(xiii) When workflow is completed save output file by right clicking on the text icon in the left hand window. Click on save to file, select file location and name as Study_pos_hits_3ppmtrimMMD.txt.
8. Workflow 3 – matchMF_MF

(i) Open Taverna (double-click either runme.bat or Taverna.exe in the Taverna folder)

(ii) Click on File/Open workflow/matchMF_MF.xml

(iii) Click on File/Run workflow

(iv) Browse for Files
(a) Select Sorted Reference Metabolite MF File

· trimMMD_sortMF.txt (default)

(b) Select Sorted Study MF File to Check
· Study_poshits_3ppmtrimMMD.txt

(v) When workflow operation is completed save output files as follows:
(i) right clicking on the List_MatchedData_txt tab in the left hand window. Click on save to file, select file location and name as Study_listpos_3trimMMD.txt. This file should be in the same format as Study_pos_listpeaks_3ppmMMD.txt.

 (ii) right clicking on the MatchedData_txt tab in the left hand window. Click on save to file, select file location and name as Study_matchedpos_3trimMMD.txt. This file should be in the same format as Study_pos_matchedpeaks_3ppmMMD.txt.
(iii) right clicking on the Allpeaks_txt tab in the left hand window. Click on save to file, select file location and name as Study_allpos_3trimMMD.txt. This file should be in the same format as Study_pos_allpeaks_3ppmMMD.txt.
HINTS

a) Input files must always be sorted in appropriate order

· Workflow 1(List_CorrData)

· Peakfile and CorrData file must be in the same order

· Workflow 2 (annotate_Massmatch)

· Reference Accurate Mass file must be sorted by Amass

· Study PeakFile must be sorted by mz

· Workflow 3 (matchMF_MF)

· Reference Metabolites MF file must be sorted by MF

b) For all input files it is advised that the last column in the file is complete – no gaps in the data, as missing data may result in errors in formatting of output data
c) Memory problems may occur using Java in Taverna, this may be improved by editing runme.bat to increase memory size

· set ARGS=-Xmx300m --(  set ARGS=-Xmx1000m

Problems with memory management may also be overcome by removing workflow results after each run or by closing Taverna and reopening it after a couple of minutes.
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