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Abstract:

The options available for processing quantitative data from isotope coded affinity tag (ICAT) experiments have mostly been confined to software specific to the instrument of acquisition. However, recent developments with data format conversion have subsequently increased such processing opportunities. In the present study, data sets from ICAT experiments, analysed with liquid chromatography/tandem mass spectrometry, using an Applied Biosystems QSTAR® Pulsar quadrupole - time of flight mass spectrometer, were processed in triplicate using separate mass spectrometry software packages. The programs Pro ICAT, Spectrum Mill and SEQUEST with XPRESS were employed. Attention was paid towards the extent of common identification and agreement of quantitative results, with additional interest in the flexibility and productivity of these programs. The comparisons were made with data from the analysis of a specifically prepared test mixture, nine proteins at a range of relative concentration ratios from 0.1 to 10 (light to heavy labelled forms), as a known control, and data selected from an ICAT study involving the measurement of cytokine induced protein expression in human lymphoblasts, as an applied example.

Dissimilarities were detected in peptide identification that reflected how the associated scoring parameters favoured information from the MS/MS data sets. Accordingly, there were differences in the numbers of peptides and protein identifications, although from these it was apparent that both confirmatory and complimentary information was present. In the quantitative results from the three programs, no statistically significant differences were observed. 

1 Introduction

The scope and utility of the isotope coded affinity tag (ICAT) technique in quantitative differential proteomic studies has been demonstrated in numerous publications [1-9] and the subject of several comprehensive reviews [10-14]. The technique involves the use of light and heavy isotopic forms of an amino acid specific reagent to separately label proteins derived from two different cell states. These are then mixed and enzymatically digested into peptides. The resulting mixture of labelled and unlabelled peptides is fractionated by cation exchange chromatography, and the labelled peptides then isolated by affinity-based separation. Peptide identifications are made with LC-MS/MS by interpretation of MS/MS fragmentation, and relative quantification is made from the comparison of the precursor ion intensities of the light and heavy isotopically labelled forms. The ICAT reagent was primarily designed to target cysteine residues, although a number of otherwise specific custom reagents have since been developed [13,14]. 

Technical development aside, it remains such that ICAT applications and interpretations are reliant on specifically tailored data processing methods [3], and accordingly ICAT data processing options are now a common feature in proteomic software. Notably, since there has been no universal standard for mass spectrometric data, the quantitative analysis of these data has been until recently mostly confined to instrument specific software.  A relatively recent alternative, however, has been provided with the introduction of the Spectrum Mill program (Agilent Technologies), that facilitates the qualitative and quantitative processing of data from Applied Biosystems, Micromass, Agilent and Thermo Finnigan mass spectrometers. Additionally developments with Mascot (Matrix Science) [15], and more specifically the Mascot distiller, have provided further choice for generic quantitative proteomic data analysis. 

The issue of standardized proteomic data format has been addressed internationally in recent years [16], and several groups have adopted similar models [17-18]. Amongst the latter, a number of programs have originated from the Sashimi project [18] (http://sashimi.sourceforge.net) for conversion of mass spectrometric data formats to a proposed universal code (mzXML).  These open source programs have in particular increased the availability of mass spectrometric proteomic data analysis programs like SEQUEST [19] and XPRESS (Thermo Finnigan) and related applications [20-25] to users of mass spectrometers from a variety of different manufacturers. In addition to these, there has been the development of several other open source mass spectrometry data search algorithms, namely TANDEM [26] and OMSSA [27]. The availability of flexible and generic data processing tools provide useful options for data validation, comparisons and collaborative studies.

LC-MS/MS data processing for ICAT studies can be a labour intensive and time consuming process. In view of our on-going ICAT studies, the present investigation of ICAT data processing software packages was performed with the objective to increase our options and throughput for data analysis. A specifically chosen standard protein mixture, labelled and mixed in known proportions with the cleavable ICAT reagent, was used to create a standard data set, and data selected from a study of cytokine regulation of protein expression in human T-helper lymphocytes were used as an example for comparison in the applied situation. The ICAT data were processed using three separate programs with the equivalence of both the qualitative and quantitative results, and the advantages of confirmation by co-identification considered. The programs Pro ICAT (Applied Biosystems), Spectrum Mill, and SEQUEST with XPRESS were used with LC-MS/MS data from a QSTAR® Pulsar quadrupole - time of flight mass spectrometer (Applied Biosystems).

2 Materials and Methods

2.1 Chemicals
Glyceraldehyde-3-phosphate dehydrogenase, Cytochrome C from bovine heart, Alpha-lactalbumin from bovine, Beta-galactosidase, Ribonuclease A from bovine pancreas, Lysozyme C from chicken egg white, Glycogen phosphorylase b from rabbit, Beta lactoglobulin from bovine, Lactoferrin from bovine milk were obtained from Sigma Aldrich (St. Louis, MO, USA). The cleavable ICAT (C13/C12) and non cleavable ICAT (d8/d0) reagents were from Applied Biosystems (Applied Biosystems, Foster City, CA, USA). Porcine sequencing grade modified trypsin was from Promega (Madison, WI, USA). For the cell culture studies phytohemagglutinin (PHA) was obtained from Murex Diagnostics, (Chatillon, France) and interleukin-2 (IL-2) and interleukin-12 (IL-12) from R&D Systems (Minneapolis, MN, USA).

2.2 Cell Culture and Cytokine Activation
Peripheral blood mononuclear cells were isolated from leukocyte-rich buffy coats, obtained from healthy blood donors (Finnish Red Cross Blood Transfusion Service) by Ficoll-Paque (Amersham Pharmacia, Uppsala, Sweden) density gradient centrifugation. After lysis of the erythrocytes and removal of CD8+ cells, the remaining cells were activated with PHA and cultured for 2 days, and then treated with either IL-2 alone, or IL-2 and IL-12. After an additional 2 days, the cells were harvested, and the microsomal fraction isolated for ICAT analysis by centrifugation. 
2.3 ICAT labelling 

ICAT labelling and separation steps were performed according to the described protocols included in the cleavable ICAT (cICAT) and ICAT labelling kits (Applied Biosystems, Foster City, CA, USA). Briefly, the standard proteins (Table 1) were mixed at two different concentration levels (0.1 nM to 1.0 nM), and then labelled with either light or heavy cleavable ICAT reagent (2 mM). The ICAT labelled samples were mixed and diluted, and then digested with trypsin. The resulting peptide mixtures were cleaned up by cation exchange separation and selectively refined by avidin affinity chromatography to isolate cysteine containing peptides according to the Applied Biosystems protocol.

For the microsomal fractions of the cell culture preparations, the proteins were extracted from equal numbers of cells (~135 x 106). Labelling was performed with the non-cleavable ICAT reagent  (2 mM per label), and the cation exchange step was performed using a BioCADTM chromatograph (PerSeptive Biosystems, Freiburg, Germany) with a 200 x 4.6 mm i.d. Poly-sulfoethyl-A column (Poly LC Inc., Columbia MD). Peptides were eluted from the cation exchange column during a 30 minute gradient from 100 % A (5 mM KH2PO4/25% acetonitrile, pH 3) to 100% B (0.6 M KCl), and thirty-three fractions were collected and retained for further analysis. ICAT labelled peptides were isolated from the cation exchange fractions using avidin affinity separation, as described in the Applied Biosystems protocol.

2.4 Nano LC-ESI-MS/MS analysis 

Avidin affinity purified samples were dried in vacuum centrifuge, then dissolved in 0.1% HCOOH. The peptides were separated and analysed by LC-MS/MS. The LC-MS system consisted of a nano-LC (Famos, SwitchosII, and Ultimate, LC Packings, Amsterdam, Netherlands) coupled to a QSTAR® Pulsar ESI-hybrid quadrupole-time of flight instrument (Applied Biosystems/MDS Sciex). The program AnalystQS (Applied Biosystems) was used for data acquisition and instrument control. A 0.3 mm x 5 mm PepMap C18 -precolumn (LC Packings) and 75m x 15 cm PepMap C18 analytical column (LC Packings) were used.

2.4.1 Standard Protein Experiment 

Peptide separations were performed at a flow rate of 200 nl/min using a gradient from 95% A, 5% B to 30% B (30 minutes), then to 95% B (30 minutes) after an initial 10 minute isocratic period.  The phase compositions were as follows: Phase A, 0.1% HCOOH in water with 5% acetonitrile (ACN); phase B, 5% water and 0.1% HCOOH in ACN. The mass spectrometer was set to perform survey scans of 1 s followed by a 3 s MS/MS scan of the most intense peak from the survey scan. Five repeated analyses were made of this sample. 

2.4.2 Applied study 

A separation gradient was performed in 70 min at a flow rate of 200 nl/min from 76% C, 4% D, 19% E and 1% buffer F to 4% C, 76% D, 1% E, and 19% F, with the following phase compositions: Phase C 5% ACN, 0,1% HCOOH; phase D, 95% ACN, 0.1% HCOOH; phase E, 5% ACN, 0.05% trifluoroacetic acid (TFA), and phase F, 95% ACN, 0.05% TFA. The mass spectrometer was set to perform survey scans of 1 s followed by two 3 s MS/MS scans of the two most intense peaks from the survey scan. Single LC-MS/MS analyses were made for each of the thirty-three avidin purified cation exchange fractions. 

2.5 Data Processing

A Dell Precision Workstation 530MT workstation (Dell Computers) with two Intel Xeon 2.0 GHz processors and 1 GB RAM was used in this study for Windows based applications. Analyst QS and Pro ICAT were used with Windows NT 4.0, whilst BioWorks and Spectrum Mill were operated with the requisite Windows 2000 Professional, and using Internet Explorer 5.5 (service pack 2). The programs msXML2other, XPRESS and out2summary (all from http://sashimi.sourceforge.net) were used on a Dell PowerEdge 1750 computer with two Intel Xeon 2.8 GHz processors and 2 GB memory, running Fedora Core 1 (2.4.22) Linux distribution.

The programs Spectrum Mill and XPRESS both report ICAT ratios as light to heavy, whilst Pro ICAT reports these as heavy to light. The convention of light to heavy is used throughout this article.
2.5.1 Pro ICAT

Pro ICAT (version 1.0, service packs 1 and 2, Applied Biosystems) was used in this study to directly process the mass spectrometric data. Mass tolerances, of 0.3 Da and 0.2 Da for precursor ion spectra and fragment ion spectra, respectively, were used. The National Centre for Biotechnology Information (NCBI) -human specific protein database was used for the applied study and the complete NCBI database for the experiments with the standard protein mixture throughout this study. These databases were specifically ICAT formatted for use with Pro ICAT with a maximum of one missed cleavage specified.

The identification algorithms of Pro ICAT software follow routines typical to those generally used for peptide fragment fingerprinting [28], where the patterns of sequence ions derived from the MS/MS peptide fragmentation are correlated with a sequence database in accordance with the mass and specified mass tolerance of the precursor ion. The quality of data interpretations are described by the Score, Confidence and Distance Score. The Score is a weighted count describing how well the observed ionization pattern matches the theoretical fragments of a peptide candidate. The Distance Score and Confidence are measures of how distant the identifications are from the next likely peptide and protein candidates, respectively. The guidance notes for Pro ICAT 1.0, service pack 1 (SP1) suggest that a range of specified combinations of Confidence and Score, so referred to as the Stringent Filter, that are good indications of a reliable identification (Table 2). The analysis of the ICAT data from the applied study was performed with Pro ICAT 1.0, SP1, whilst, with the availability of an updated version of the software, the data from the standard protein mixture were processed with Pro ICAT 1.0, SP 2.

During data processing, Pro ICAT identifies the ICAT pairs and determines the form of the label. Analysis of the isotope clusters from the light and heavy forms of the peptides is made such that only those peaks with corresponding peaks in the other cluster are used in the ICAT ratio calculation.  The ICAT ratios are calculated from the relative areas of the extracted precursor ion chromatograms in the TOF MS scans (survey scans) [9]. The protein ICAT ratios are calculated from the combination of the constituent peptides, where each charge state is treated separately, and the weighting of each measurement is based on a standard deviation measurement determined from the noise. The Pro ICAT quantification results and identification results are stored in the Microsoft Access results database.

2.5.2 Spectrum Mill

Spectrum Mill MS (version 3.0, Agilent Technologies) was used in this study.  Data extraction was performed with the following specifications: precursor ion mass tolerance 0.3 Da; fragment ion mass tolerances 0.2 Da; ICAT modification; precursor ion scan merging function for every 20 scans within 0.3 Da. MS/MS database searches were performed against the same NCBI data bases as for Pro ICAT whilst specifying the mass tolerances as above, trypsin digestion and the restriction of not more than one missed cleavage.

The versatility of the Spectrum Mill software rests on the incorporation of the data extractor that facilitates analysis of data from several different types of mass spectrometers. An additional feature of Spectrum Mill is the routine for automatic validation of the proteins and peptides identified. In essence this filters out the low quality hits and presents the user with those characterised by good sequence coverage where the majority of the spectral peaks match predicted peptide fragments. 

The Spectrum Mill scoring scheme for identification, as described in the literature accompanying the software, is composed of three main components; the protein score, peptide score and the Scored Peak Intensity (SPI). The SPI reflects the percentage of the total ion intensity represented by the ions that may be assigned to fragments of the proposed peptide.  Additional measures are provided by unmatched ions (the number of unassigned ions /the number ions from peak detection) and the backbone cleavage score (the number of amino acids cleaved between either b or y ions). Following peak detection, the MS/MS search algorithm attempts to match and score the most intense ions in the MS/MS spectrum to an ion type consistent with fragmentation of peptide candidates. Bonus points are credited to matched ion assignments that are mostly of a fixed value (some instrument dependent scoring is used), and penalty points for unassigned peaks on the basis of their peak height relative to the most intense peak. ICAT reagent-specific fragments are also used in the scoring. Suggested guidelines for correlating peptide score and their meaning in relation to the correct interpretation and the extent of peptide fragmentation are as indicated in Table 2.

With Spectrum Mill, if an ICAT labelled peptide is detected in the MS/MS spectra, the "area" of the peptide is calculated as an extracted precursor ion chromatogram trace, defined by a time window determined by the precursor ion scan merging value that was specified during data extraction. Both heavy and light extracted ion chromatograms will always be generated for the tagged precursors, regardless of whether the MS/MS spectra are identified for both or just heavy or light.  The ratio of these LC peaks areas is then presented as the ICAT ratio, although it is notable that there is no true peak integration, since the peak start and stop are determined by the extraction settings rather than the true chromatographic profile.

2.5.3 Sashimi

The Sashimi project was founded at the proteomics group of the Institute for Systems Biology in Seattle with the aim to provide the scientific community with free open source software tools for the downstream analysis of mass spectrometric data. The common MS data format proposed thereof is mzXML. During the present study, the open-source Visual Basic application mzStar (Sashimi) was used to convert data from a SCIEX/ABI Q-STAR( instrument into mzXML format.  The program msXML2other (Sashimi) was used to create SEQUEST searchable *.dta files. A Sashimi supported version of the program XPRESS (Thermo Finnigan) was used to quantitatively analyse the ICAT data using the combination of the mzXML files with SEQUEST produced *.out files. The program out2sumary (Sashimi) was used to produce a HTML file of the XPRESS processed SEQUEST results. 

2.5.4 SEQUEST

SEQUEST (Thermo Finnigan) was used to search Sashimi produced *.dta files against the NCBI databases (as for Pro ICAT and Spectrum Mill) using a precursor ion tolerance of 0.3 Da. In keeping with the values used with the other programs, a product ion tolerance of 0.2 Da was used, although it should be noted that due to the nature of this parameter for SEQUEST the resulting tolerance is bigger. Mass modifications of the cysteine residue and associated differential masses of 227.14 with 9.0 and 442.224 with 8.064, were specified for the cICAT and old-ICAT reagents respectively. The searches were made for tryptic peptides and the results filtered such that only assignments with a maximum of one missed expected cleavage were included.

SEQUEST  [19] performs searches of MS/MS spectra against database entries that are selected according to the precursor ion mass and the user specified mass tolerance.  Results from a SEQUEST search are ranked according to several measures of the match and quality of the MS/MS spectrum [29-33]. The preliminary score, Sp, is based on the number of ions in the theoretical MS/MS spectrum that match with the experimental data. The cross correlation function, XCorr, provides a quantitative measure of the closeness of fit of the best matched sequence relative to other potential candidates. The delta correlation value, dCn, indicates how different the first hit is from the second hit in the search. Other measures are given by the proportion of experimental ions matched with the theoretical ions is reported as ions, and the ranking of the hit in the preliminary scoring is given by RSp. A number of research groups have evaluated the significance of the SEQUEST scoring parameters whilst paying particular attention to the cross correlation value. These studies have indicated that the reliability of the XCorr value as an indication of correct identification is also dependent on the charge state of the peptide [29-33]. Generalised guidelines for correlating SEQUEST parameters in relation to the validity of peptide assignments are as indicated in Table 2. In the present study, due to the level of the manual processing, the data were filtered using the criteria of a fixed XCorr value of  >2 (all charge states) and dCn > 0.1. These values, in combination with the presence of at least one tryptic termini, have been previously demonstrated to provide a sensitivity of 77% (proportion of correct peptide assignments passing filter) and 15% error rate (fraction of incorrect peptides assignments passing the filter) [31]. It should be noted that in the cited example, the data did not include such specific modifications as ICAT labelling, and was made against different databases to those used in the present study. 
2.5.5 XPRESS

The XPRESS software is designed to quantify differentially labelled peptides from their chromatographic elution profiles. Following identification of a labelled peptide, XPRESS extracts the elution profile of its precursor ion and then extracts the profile of its isotopically distinct partner on the assumption that this is also present. By analysis of the changes in intensity of the extracted ion chromatogram, XPRESS determines the start and stop of the peak elution profile. When selecting the XPRESS parameters it is possible to specify which amino acid is labelled, cysteine is the default setting, and whether the calculation should use the same scan range, as, for example, with co-eluting ICAT pairs.

The XPRESS calculations were made using the default mass tolerance of 1.0, specifying cysteine labelling, and the mass differences between the ICAT pairs as described in the SEQUEST parameters. 
2.5.6 BioWorks 

BioWorks version 3.0 (Thermo Finnigan) was used in this study to access the SEQUEST application. Although BioWorks includes the program XPRESS, for quantitative analysis, it was not possible to use this application through BioWorks on account of the imported and transformed nature of our data. 

2.6 Statistical Methods and Data Management

General data processing and sorting was performed using Microsoft Excel and Microsoft Access. For additional comparisons and statistical processing Kensington (InforSense Limited) and SPSS (SPSS Inc.) were used. The equivalence of the quantitative results was evaluated using paired t-tests for comparing the standard protein mixture against intended values and with the repeated measurements test for the peptide and protein measurements in the applied study. If statistically significant differences were observed, further analysis was made using Bonferroni corrected, post hoc multiple comparisons. In all tests, the error risk p<0.05 was considered significant.
3 Results

3.1 Analysis of ICAT data from the standard protein mixture:

The comparative performance of the programs in the analysis ICAT data was initially evaluated with a sample of known composition. For this purpose a protein mixture covering a range of size and cysteine content was used (Table 1). Whilst all three programs identified the same proteins with comparable ICAT ratios (Figure 1a), it was notable that the protein Cytochrome C was not identified by any of the programs, and subsequently no quantitative results were returned for this analyte.  Since further inspection of the data revealed no evidence of the ICAT peptides for this protein either, they were not given any further consideration in the context of this study. As an additional note, analysis of the non-cysteine peptide fraction, saved from the avidin-affinity purification step, did show the presence of the expected non-cysteine peptides from Cytochrome C.

Statistical analysis of the quantitative results showed that there were no significant differences between the three sets of values and the known values (Table 3). Whilst the discrepancy between the measured values and expected value for the protein Beta-lactoglobulin were attributed to a systematic error in the sample preparation, the discrepancies observed for Beta-galactosidase were also accompanied with a wide spread of ICAT ratios for the associated peptides. This variation in the latter instance is more likely a reflection of the quality of the MS data than a preparative error.

In general the variations observed between the measured protein ICAT ratios were attributed to how the programs evaluated the quality of the spectra and thus the data included for calculation. This can be seen from the variation in magnitude of the reported standard deviations for the proteins by the three programs (Table 1). The potential for this variation can be illustrated in respect to the flexibility in the measures of what constituted a reliable identification, for example, whilst adjusting filter parameters for the Pro ICAT Stringent Filter (Table 2) from 80 % confidence and a score of 15, to 76 % confidence and score 17, the reported standard deviation is changed from 0.10 to 0.33 for Lactoferrin. Similarly with Spectrum Mill lowering the peptide score from 15 to 10 changed the reported standard deviation from 0.09 to 0.47 for this protein. 

 The numbers and interrelationship between the peptides identified by the programs are illustrated as a Venn diagram  (Figure 2). Although the number of peptide sequences identified per protein were on the whole less for Spectrum Mill there were plausible peptide assignments supported by this program alone.  Comparison of the ICAT ratios at the peptide level illustrated close agreement in almost all cases (Figure 3). Some occasional irregularities were, however, visually apparent, and due to limitations in the access to information as to how these values were computed there was no full explanation to the source of their occurrence. With the previous example for Lactoferrin, the larger standard deviation for Spectrum Mill was on account of two particular peptide identifications reported for this protein. One of these displayed a higher than expected ICAT ratio, and was from an identification presented by Spectrum Mill alone (YSSLDCVLRPTEGYLAVAVVK, Figure 3). Whereas, for the other peptide (GEGENQCACSSREPYFGYSGAFK, Figure 3), there was a marked dissimilarity between the Spectrum Mill ICAT ratio and the values from the other two programs. Overall there was no statistically significant difference detected between the peptide values. The ICAT ratios of the individual peptides and significance tests values are available as a supplement.

3.2 Applied study 

Analysis of the data from the applied study presented a more extensive test material for the comparative identification and quantification performance of the programs. Two analyses were made with this data, firstly with the consideration of the results at the single data file level, and then for the dataset as a whole. With the analysis of one selected data file, chosen on the basis of information content (i.e. quantity of MS/MS spectra), differences were immediately apparent in the numbers of peptide identifications reported by the programs (Figure 4a). In view of these, the results presented by each of the programs for this file were manually validated (Figure 4b). In the re-analysis of these MS/MS spectra, attention was paid to sequence coverage and the presence and intensity of assigned and unassigned ions. On the basis of these validations, it was clear that the programs provided complimentary rather than contradictory information. 

With the analysis of the full set of MS analyses of all the avidin isolated ICAT peptide fractions, similar differences in the number of reported proteins and peptide identifications were observed (Figure 5). Pro ICAT supported the largest number of peptide identifications, followed by SEQUEST then Spectrum Mill. Surprisingly the number of protein identifications with 2 or more associated peptides that were supported by all three programs was small in view of the total number of peptide identifications common between them. This further implicated how the scoring and subsequent filtering parameters of the programs influenced the data sets presented to the user. In spite of this, and the appearance of the occasional inconsistent values (Figure 6), statistical analysis of the quantitative results from the common peptide and protein (> 2 peptide) identifications of the whole data set showed no sign of significant difference between the three programs (Table 3).  

3.3 Operation and Performance 

An object of this investigation was to determine to what extent each program would facilitate the production of quick and reliable results and obviate or at least reduce the need for long labour intensive data evaluations. To this end, we aimed to employ the scoring and filtering parameters, as described in Materials and Methods, that would produce results of similar confidence with similar manual effort (Table 2).

Due to the specialized nature of this application and some limitations encountered that prevented the full use of BioWorks, a feature-for-feature comparison is not entirely applicable. However, a number of observations and some general comments are presented. The primary processing, i.e. data format conversion and database searching, for each file ranged in the order of tens of minutes to several hours, depending on the duration of the chromatographic analysis, the number of MS/MS experiments (i.e. the size of the file) and database specificity.  For Pro ICAT this was a single timely process that consisted of simultaneously identification and quantification, usually of the order of one to two hours for the data from the applied study. With Spectrum Mill this included two phases, data transformation and database searching. Although quicker in terms of total time (typically in the order of tens of minutes), these did not occur sequentially. With both Pro ICAT and Spectrum Mill many files could be set for processing at the same time, i.e. over night. For data transformation for the use of SEQUEST and XPRESS, the conversions steps were the more timely (several minutes to two hours each) and the storage requirements were increased three-fold during this four-step process. It was however possible to queue files for analysis with SEQUEST and XPRESS, although only for the separate applications. Direct use of the exporting spectra to-SEQUEST-format function, which is included in the scripts of the Applied Biosystems Analyst program was much quicker for creating a SEQUEST searchable file, but did not provide the option for quantitative analysis and could only be operated at a rate of one at a time.  In a similar sense it was because BioWorks required a *.RAW data file in the appropriate field, we were unable to use the BioWorks supported version XPRESS; for this we had no equivalent format. 

Flexible summary features are very useful for proteomic data processing. Spectrum Mill is designed specifically as proteomic data analysis program, and accordingly the data summary features were logical, quick and easy to operate. In addition it provides rapid access to the spectral evidence and links to protein informatics databases.  Pro ICAT, on the other hand, is used with the Microsoft program, MS Access for summary purposes. Microsoft Access offers flexibility in the type of report, but is not directly linked to the data or any on-line information. Here alternatively, the data may be summarized and the raw data inspected directly through Pro ICAT, although without the same flexibility for sorting. The possibility with MS Access to separate the results from batch-processed files on the single file basis was an option not provided by Spectrum Mill. With BioWorks, access to spectral evidence and protein sequence information were available from our primary SEQUEST search results, although since in the present study a remote version of XPRESS was used, it was necessary to search the SEQUEST SUMMARY reports using the browser to find the spectral evidence for the XPRESS results. A solution in this respect is the INTERACT program [3], which has been developed especially for processing large proteomic data sets and ICAT data and is available from the Sashimi project. At the time of our study we were unable to employ this program, although it is notable that Windows compatible versions of these Sashimi applications have since become available. 
All three programs showed similar flexibility for importing and changing databases. With Pro ICAT the creation of specific ICAT formatted databases, with the manual input of the magnitude of the expected of ICAT modifications, was essential. For Spectrum Mill database formatting was not necessary and a choice of pre-set ICAT modifications, i.e. ICATmix and cICATmix, for the non-cleavable and cleavable ICAT reagent respectively, could be specified during data extraction and searching. With SEQUEST, database formatting was not necessary either, although the manual input of the magnitude of the expected of ICAT modifications was required. For this reason SEQUEST provided the easiest to implement flexibility in terms of custom ICAT modifications. Custom ICAT modifications may be analysed with Pro ICAT using appropriately formatted databases, such options were not directly accessible with the version of Spectrum Mill employed in this study.

It is notable that Pro ICAT reported ICAT labelled cysteine-containing peptides only, although quantitative information was not reported for all of these. Spectrum Mill always generates light and heavy extracted ion chromatograms of the tagged precursors, whether or not both forms are detected in the MS/MS spectra, and calculates the ICAT ratios accordingly. The non-quantified peptides that were reported by Spectrum Mill did not contain ICAT labelled cysteine, and these peptides are not included in the Venn data (Figures 2 & 4). A large number of non-cysteine peptides were also present in the SEQUEST results summaries, to which XPRESS assigned ICAT ratios as not applicable (N_A), these were not considered further during the comparison. Since the ICAT procedure includes the avidin purification step to isolate the ICAT labelled peptides, only a small proportion of unlabelled non-cysteine peptides is expected.

An additionally important consideration is how each of the programs combined the peptide data to produce the protein quantification results. General procedures of weighting and outlier rejection are used, although this information is poorly documented and presented with the results. The Pro ICAT protein-ICAT ratios are calculated from a weighted combination of the peptide measurements. This weighting is determined by the intensity of each extracted ion chromatogram and its relative standard deviation, as derived from a measurement the local background noise. In this regard it is added that Pro ICAT includes a numerical figure (percentage) of the quantification quality and some visual indication of the peaks and portion of the chromatogram that have been used. With Spectrum Mill, protein ICAT ratios are calculated from what is described as an approximate mean of the peptides values, and no visual representation of the peaks or profile used in the integration is provided. XPRESS is designed to specifically determine ICAT ratios at the peptide level, from these the protein values may be calculated from a selected average of the representative peptides. The BioWorks and INTERACT supported versions of XPRESS include options for inspecting and editing the integration profile used in the calculations of the peptide ICAT ratios. Illustrations of the format of the visual information provided by Pro ICAT and XPRESS are provided as a supplement.
4 Discussion

In the present study we have evaluated three commercially available proteomic software packages, Pro ICAT, Spectrum Mill and SEQUEST for the analysis of data from ICAT experiments analysed with LC-MS and –MS/MS with a QSTAR® quadrupole-time of flight instrument. Due to the differences in the scoring parameters inherent in each of the identification algorithms it was difficult to make a true direct comparison between the identification data. In general, the Pro ICAT and SEQUEST results were most alike in terms of the number of common peptide identifications reported. Although it should be added that since the automated processes inherent with Spectrum Mill aim to present the user with the best quality valid data with limited additional work, the user is presented with shorter lists containing the top quality identifications.  In this respect Spectrum Mill was an attractive tool, due to its fairly quick batch processing options, ease of report generation and manual validation. Since there were differences between the programs in both the number of confident identifications, work cycle time and necessitated user input, there was no specific indication of superiority of any of the programs. It should be noted that of these programs, the use of Pro ICAT is restricted to data generated with Applied Biosystems mass spectrometers.

 Whilst the software specific MS/MS identification and scoring algorithms influenced data inclusion and subsequently the reported numbers of peptide identifications and the standard deviations of the protein measurements, there was no overall statistical significant difference between the common quantitative results. However, since there was limited access to the nature of the data computation, it was not possible to account entirely for discrepancies observed between the results. It was suspected that some of these might have arisen from differences in determination of the baseline and the areas of integration used in the ICAT ratio calculations [23]. The observations implied the need for some validation or quality measurement when interpreting quantitative results, and it was illustrated that data that are of use for identification purposes may not always be so for quantitative purposes. These situations can arise because the identification data are derived from the MS/MS scan while the quantitative data are derived from the MS survey scans in which there are potentially many more sources of variation [34]. An especially useful feature in this respect, would be full and easy access to source quantitative data and some means of highlighting potential problem points [23, 35].

In order to determine whether the observed differences in the numbers of reported identifications arose on the basis of scoring or were due to data transformation, attention was directed to the recommended settings and limits of the programs investigated. For Spectrum Mill, examination of data with Scored Peak Intensity (SPI) values slightly less than the recommended value revealed that a number of otherwise well scoring peptides had been excluded. A number of these were co-identified by the other programs and their spectra appeared reasonably acceptable by manual evaluation. In such cases, however, the concomitant presence of large unaccounted MS/MS peaks should of course promote caution and not be overlooked in view of identification certainty. To gain some understanding of the representation of the large numbers of peptide identifications supported by either SEQUEST or Pro ICAT alone, these were grouped in terms of sequence length. Some correlation between the numbers of peptide identifications specific to Pro ICAT and their length was observed (r = -0.79, n = 182).  Of these, 42 % were of lengths of 6 or 7 amino acid residues. Similarly with the peptide identifications presented in the primary Pro ICAT data from the data file selected from the applied study (Figure 4a), there were a number of short peptides of only 4 to 5 residues in length (7 out of 35). With the data inclusion parameters chosen, no peptides of these lengths were found in the data presented by Spectrum Mill and SEQUEST. Since such short sequences are generally of little use for uniquely specifying proteins, this was not seen as a serious limitation. In this manner a proportion of the software-specific peptide identifications occurred due to length based discrimination of the scoring schemes, since in particular the SEQUEST parameters XCorr and Sp are dependent on the peptide length [20, 36]. Comparison of the number of confident peptide identifications reported and their lengths for Pro ICAT, SEQUEST and Spectrum Mill further indicated a length related bias (supplementary information). Likewise, with regard to the small number of common protein identifications characterised by two or more peptides in the applied study, it was revealed that of the identifications particular to Pro ICAT alone, almost 50% were from peptide pairs where one of the components was a peptide unique to Pro ICAT of 6 or 7 residues. In summary, it was apparent that the data transformation process did not reduce information content, although through analysis the programs defined it with differing levels of certainty. 

Ultimately in such studies, the main concern is the number of reliable results rather than the number of potential results. In this respect the user has the scoring parameters presented by the programs as indicative measures for confidence. For Pro ICAT, SEQUEST and Spectrum Mill, although similar selections of these measures are accessible, arguably just a true-or-false answer would be preferable. This problem has been addressed by numerous researchers, who have developed statistical models to determine the validity of assignments [15, 20, 24, 25, 36-38]. Overall, since the separate programs provided both confirmatory and complimentary information, it is clear that the use of paired or multiple algorithms can be useful for identification of the better quality data in large proteomic data sets [33]. 
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 Figure 1: a) A Plot of protein ICAT ratios from the standard protein experiment versus the true values. b) Relative errors of protein ICAT ratios from the standard protein experiment

Figure 2: Comparison of the qualitative results of the peptide sequence identifications from the standard protein experiment.

Figure 3: Peptide identifications and ICAT ratios from the standard protein data. 

Protein identities: 1 = Glyceraldehyde-3-phosphate dehydrogenase, 2 =  Alpha-lactalbumin, 3 = Ribonuclease, 4 =  Glycogen phosphorylase, 5 = Lactoferrin, 6 = Beta-lactoglobulin, 7 = Lysozyme C, 8 = Beta-galactosidase. Peptide entries are based on the average across the different charge states and are grouped for each protein.

Figure 4: Comparison of the qualitative results of the peptide identifications from the selected data file from the applied study: a) Automatically processed results b) Manually validated results. The data displayed for Spectrum Mill in Figure 4a are the autovalidated results only, and in Figure 4b from manual validation of the autovalidated and the medium quality results in accordance with the recommended Spectrum Mill procedures.

Figure 5: Comparison of the qualitative results from the analysis of the total data set from the applied study: a) Peptide identifications, b) Proteins identifications with two or more peptides given as a proportion of all protein identifications. For the data displayed in a) and b), only Pro ICAT peptides of six or more amino acid residues and peptide and protein identifications with quantitative results are presented.
Figure 6:  ICAT ratios of common protein identifications (> 2 peptides)  from analysis of the total data set from the applied study. 

Supplementary Information: 

i) Sequence lengths of un-matched peptides in the applied study 

ii) Distributions of length vs. number of peptide identifications for the three programs

iii) Extracted ion chromatogram representations: a) XPRESS, b) Pro ICAT.

iv) ICAT Ratios of Peptide Sequences Identified from the Standard Protein ICAT Experiment
v) Details of t-tests and repeated measurements tests.
Table 1: Details of the standard protein mixture and ICAT analysis results

	Protein
	
	Pro ICAT
	SEQUEST
	Spectrum Mill

	
	MW (kDa)
	Number of Cysteine peptidesb 
	Expected ICAT ratioc, 
	Determined ICAT 

ratio
	SD
	Peptide sequences identified
	Determined ICAT 

ratio
	SD
	Peptide sequences identified
	Determined ICAT 

ratio
	SD
	Peptide sequences identified

	 aGAPDH
	35.8
	2
	0.1
	0.07
	0.04
	2
	0.1
	0.03
	2
	0.1
	0.1
	3

	Alpha-lactalbumin
	16.2
	6
	0.2
	0.26
	0.01
	1
	0.39
	0.08
	1
	0.32
	0.03
	1

	Ribonuclease A
	16.5
	6
	0.5
	0.56
	0.05
	2
	0.59
	-
	1
	0.48
	0.06
	1

	Glycogen phosphorylase
	97.2
	8
	0.66
	0.69
	0.15
	5
	0.76
	0.08
	6
	0.74
	0.14
	5

	Lactoferrin
	78
	25
	1
	1
	0.34
	25
	1.09
	0.32
	20
	0.95
	0.47
	14

	Beta-lactoglobulin
	19.9
	4
	1.5
	2.57
	0.72
	1
	2.3
	0.04
	1
	2.43
	0.49
	1

	Lysozyme C
	16.2
	6
	2
	2.26
	0.32
	6
	1.79
	0.34
	6
	2.38
	0.34
	3

	Beta-galactosidase
	116.4
	11
	5
	6.41
	4.42
	5
	6.05
	2.22
	4
	6.97
	3.59
	5

	Cytochrome C
	20.4
	4
	10
	-
	-
	-
	-
	-
	-
	-
	-
	-

	aGlyceraldehyde-3-phosphate dehydrogenase, bin MW  range 500-3500, cratio of light to heavy isotopes, - indicates no value reported


Table 2: Confidence criteria for the different software
	Spectrum Mill
	

	aSPI
	Peptide Score
	Implied Confidence and Interpretation

	>15
	>70
	Outstanding, well-assigned, thorough fragmentation

	>10
	>70
	Good

	8 to 10
	>70
	Good, but need manual review

	>5
	>70
	Modest (relatively few fragment ions produced)

	<5
	70
	Poor, little to no fragmentation 

	5
	<70
	Poor, significant unassigned ion current  

	Pro ICAT:

Criteria for reliable assignments (Stringent filter) 
	SEQUEST:

bValues constituting a reliable identification

	Confidence
	Score
	XCorr
	dCn
	Sp
	RSp

	>86
	>11
	>2.0
	0.1
	>200
	<50

	86
	>16
	

	76
	>17
	cXCorr
	Charge
	

	71
	>18
	>1.5
	1+
	

	42
	>19
	>2.0
	2+
	

	0
	>26
	>2.5
	3+
	

	aSPI= Scored Peak Intensity; bSEQUEST parameters in accordance with references 20 & 31, with the exception of the Sp value which is a generalisation from application guidance notes; XCorr = cross correlation function, dCn  = delta correlation value, Sp = preliminary score, RSp = preliminary ranking; cprecursor charge state dependence,


Table 3. Statistical analysis of the ICAT ratios
	Standard Protein Mixture


	
	
	
	

	
	Pro ICAT
	Spectrum Mill
	SEQUEST
	

	aProtein Difference
	0.36
	0.43
	0.26
	

	bProtein SD
	0.56
	0.7
	0.43
	

	N
	8
	8
	8
	

	cp- values  from t-tests 
	0.12
	0.13
	0.13
	

	
	
	
	
	

	dApplied Study


	Pro ICAT

	Spectrum Mill

	SEQUEST


	p-value for test of repeated measurements

	Proteins
	
	
	
	

	Protein Mean
	1.68
	1.60
	1.81
	

	Protein SD
	0.64
	0.28
	0.64
	

	N
	30
	30
	30
	

	
	
	
	
	0.12

	Peptides
	
	
	
	

	Peptide Mean
	1.64
	1.64
	1.69
	

	Peptide SD
	0.74
	0.75
	1.06
	

	N
	175
	175
	175
	

	
	
	
	
	0.68


aProtein Difference is the sum of errors (compared to the known protein amounts) divided by the number of measurements, N. 

bThe standard deviations of the 'Protein Difference' 

cp-values calculated from paired t-tests between the programs' quantification and the known values; no significant difference is found.

dFor the applied study, the means and standard deviations are shown for common peptide and protein quantifications. 

The repeated measurements test column shows the p-values for both proteins and peptides; no significant difference is found. 

All quantitative results are ICAT ratios, calculated as light/heavy.

p<0.05 is considered a significant result, in all tests.
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