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Introduction <return to top>
A time-of-flight (TOF) mass spectrometer separates ionized molecules, with the same kinetic energy, based upon their flight time in a vacuum. In contrast to a quadrupole mass analyzer, the TOF mass analyzer is not a narrow mass, selective range scanning device. This distinction confers upon the TOF mass analyzer several advantages. The primary advantages are increased sensitivity and scanning speed.
,
,
,
  With recent improvements in instrument design, TOF mass analyzers are now capable of mass resolution exceeding >25,000 in both MS and MS/MS modes with mass accuracy of better than 2 parts per million.2 It is this combination of features that makes TOF mass spectrometry an ideal approach for the identification and quantitation of numerous analytes, including biomolecules and small molecule metabolites. This overview will demonstrate the capabilities and advantages of a new QqTOF instrument, the TripleTOF™ 5600 System for qualitative/quantitative workflows carried out simultaneously for modern proteomics research.   The capabilities, accuracy, and ruggedness of these workflows for the quantitation of peptides in biological samples will be discussed.  For reference purposes, the use of electrospray ionization (ESI) TOF mass spectrometry will be compared to an ESI-triple quadrupole mass spectrometer for the accurate quantitation of such biological targets in complex samples, as previously introduced by Stolker et al, 2004 in application to the detection and quantification of small drug compounds.

Modern quadrupole-hybrid time-of-flight instruments are designed to consist of a first quadrupole that can focus all ions (in RF-only mode) or use a combination of DC and RF to transmit selected ions only into the second quadrupole (collision cell).  Ions transiting the collision cell will either be fragmented by collision induced dissociation (CID) or will be transferred without fragmentation into the time-of-flight region for detection (Chernushevich et al, 1997 & 2001).
,
 The benefits of detecting these ions using a time of flight analyzer are many; Full scan spectra can be acquired at fast acquisition rate due to the high sensitivity of the mass analyzer and the resulting full scan MS or MS/MS spectra have high mass resolution and high mass accuracy. Powerful information dependant acquisition (IDA) strategies are possible on QqTOF instruments that enable fast, in-depth qualitative analysis of complex samples for peptide and protein identification.
  In addition, while traditionally considered to be primarily of qualitative importance, new detector improvements on the TripleTOF™ 5600 system has moved QqTOF technology into more quantitative applications with sufficient sensitivity and dynamic range.    
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Figure 1. TripleTOF™ 5600 System Ion Path consisting of the QJET® Ion Guide, Q0 High Pressure Cell, Q1 resolving quadrupole, and the LINAC® Collision Cell (5500 platform technology) and unique Accelerator TOF™ Analyzer technology featuring high acceleration voltage and a 40 GHz Multichannel TDC detector.

Technology Overview <return to top> 
The TripleTOF™ System is considered the first accurate mass, high resolution system of its kind, designed to provide high mass accuracy, high spectral peak resolution, high sensitivity, and wide dynamic range for quantitation capabilities similar to a triple quadrupole mass spectrometer. Improved front-end ion sampling using the QJet® Ion Guide,
 and accelerated transmission of the ions through the time-of-flight region can provide sensitivity at high acquisition speed. Combined with a 40 GHz TDC multichannel detection system, the TripleTOF™ 5600 System can achieve 50 high resolution MS/MS in information dependent acquisition mode with a cycle time of 1 s for deep interrogation of complex protein digest mixtures. 

Summary of TripleTOF™ 5600 System features:

Accelerator TOF™ Mass Analyzer

Up to 40,000 resolution at as little as 10 milliseconds accumulation time 

Greater than 25,000 resolution at m/z 100

No loss in sensitivity in full mass scanning at high resolution

Advanced TOF entrance optics enables two resolution modes

High resolution mode > 30 000 resolution

High sensitivity mode > 15 000 resolution

Two-stage reflector for high resolution

30 kHz Accelerator for increase duty cycle

15 kV TOF acceleration for improved sensitivity

40 GHz Multichannel TDC detector

High resolution compact instrument (flight path of ~ 2.5 m)

Computer controlled polarity switching

Specifications:

Up to 25 Hz operation in MS mode (acquiring 25 MS scans per second

Up to 100 Hz operation in MS/MS mode (acquiring 100 MS/MS per second)

Up to 50 MS/MS scans in data dependant MS/MS mode (acquired in IDA mode per second)

Detection System

40 GHz multichannel time-to-digital converter (TDC)

Ion signal handling as fast as every 25 ps in both positive and negative mode

Fast sampling in the time domain provides sufficient points across the spectral peaks to ensure high resolution and mass accuracy at low mass [<250 m/z] as well across the full mass range

≥ 4 orders of dynamic range in MS and MS/MS scanning mode

See AB SCIEX technical note 2190411-01 “Modern Detection Systems for High Performance Time-of-Flight Mass Spectrometers”. (IMBED .PDF)

Specifications:

≥ 35,000 (FWHM) on +TOF MS scan of 956 m/z in 10 ms accumulation time

≥ 25,000 (FWHM on +TOF MS/MS scan at 186 m/z in 10 ms accumulation time

Mass Accuracy

High resolution and long term instrument stability ensures high mass accuracy

Specifications:

Internal calibration for mass accuracy held to 0.5 ppm RMS for fragment ion [Glu]1-Fibrinopeptide B 

External calibration for mass accuracy held to ≤ 2 ppm RMS for over 6 h of LC-MS/MS run time 

Mass Range

From 5 - 40,000 m/z in TOF MS and TOF MS/MS modes

Q1 precursor selection to 5 - 1250 m/z

Instrument Physical Specifications

	Size and Weight (excluding roughing pipes)

	
	Height
	Width
	Length
	Weight

	Mass spectrometer
	1329 mm

53.5 in
	825 mm

32.5 in
	1281 mm

50.5 in
	450 kg

1000 lbs


Instrument Scan Types

Full scan TOF MS and product ion scans with/without IDA

Precursor Ion scan with full store MS/MSALL
Neutral Loss triggered IDA

Multiple Mass Defect triggered IDA

MRMHR
Conclusions <return to top>
The sensitivity of the TripleTOF™ 5600 System enables a new level for mass spectrometry providing MS/MS resolution and acquisition speed, to identify more, resolve away interferences, and provide a new integrated perspective for high resolution quantification. A current list of publications highlighting and exclusively describing experiments carried out on the TripleTOF™ 5600 System are listed below in the References Section for proteomics
,
 and small molecule analysis.

Request a Quote
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Instrument Sole Source Specifications <return to top>
Sole source specifications for the TripleTOF™ 5600 System Technology, partnered LC and NanoLC technologies, and companion softwares are available upon request.

Please contact MSgrants@absciex.com for more details

For Research Use Only. Not for use in diagnostic procedures. The trademarks mentioned herein are the property of AB Sciex Pte. Ltd. or their respective owners. AB SCIEX is being used under license.
© 2011 AB SCIEX.

Proteomics Applications <return to top>
In Depth Protein Identification 
Protein discovery and peptide sequencing experiments have been well described using time-of-flight mass analyzers by a number of key publications; see list in References Section.  Recently, a publication in the journal of Analytical Chemistry by Andrews et al (Jun 2011) describes the performance evaluation and merits of the AB SCIEX TripleTOF™ 5600 System for global discovery proteomics.
  A protein identification workflow on the TripleTOF™ 5600 system involves a high resolution TOF MS survey scan followed by up to 50 MS/MS (collected at 20 ms accumulation time each) in a cycle time of 1.3 s (Figure 2).  Even at these fast acquisition speeds, high resolution and mass accuracy is maintained across the mass range.  Complex proteomics samples can be analyzed with deep sample coverage as even the most peptide rich regions of a chromatographic gradient can be easily tackled by the high MS/MS acquisition rate.  Increasing acquisition speed in MS/MS with high resolution instruments has been previously described (Shen et al, 2005)
 and further validated  (Andrews et al, 2011),
 as providing benefits to proteome coverage and pushing higher throughput towards data analysis. Additionally, fast scanning instruments can reduce the LC analysis time and reduce the need for multi-stage sample preparation steps (and therefore reduce sample loss) of the need to multi-dimensional chromatographic separation methods (see reference Dunham et al, 2011).
  Other commercially available instruments capable of high resolution MS/MS scanning have a much longer spectral scanning duration and slower data acquisition speeds compared to the TripleTOF™ 5600 System, and thus are not as easily amenable to fast chromatography methods.

See AB SCIEX technical note 0450210-01 “In Depth Qualitative Analysis of Complex Proteomics Samples using High Quality MS/MS at High Acquisition Rates”.
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-in_depth_qual_complex_prot.pdf
See AB SCIEX technical note 3240711-01 “Optimizing High Speed Acquisition for Protein Identification in Complex Matrices”.
http://www.absciex.com/Documents/Downloads/Literature/ 
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Figure 2. Protein Identification is carried out using Information Dependent Acquisition (IDA) methods consisting of a high resolution TOF MS survey scan followed by 20-50 MS/MS scans on detected precursors. Each precursor is selected at UNIT resolution in Q1 and fragment ions are measured in the TOF analyzer at high resolution.

A demonstration of speed and sensitivity is show in Table 1 representing the false discovery rate analysis of a yeast cell tryptic lysate (180 ng), analyzed by IDA consisting of 50 dependent MS/MS per cycle (20 ms accumulation time for each), and separated by a nano-LC gradient of 60 minutes. Note that a typical LC-MS/MS experiment consisting of a 1 hour nanoLC or higher flow LC gradient length contains 30-40 thousand MS/MS spectra and yields a 500 MB – 1 GB raw data file size (profile, not centroided data).

Table 1. A summarized view of the protein and peptide identifications from yeast lysate carried out at 50 MS/MS/cycle. The false discovery rate summary table is generated with every ProteinPilot™ Software search. The bold entries represent the recommended FDR numbers to use when comparing results between protein identification experiments.
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Single Table Summary of All Results

Data Level FDR Type FDR 1D Yield
Local 5% 1012
Protein ™ 1071
Global
Local 5% 8013
Distinct peptide ™ 661
Global
Local 5% 17011
Spectral 1% 18409

Global





Protein Database Searching and False Discovery Rate Analysis with ProteinPilot™ Software

As a result of the speed of analysis and depth of coverage now obtainable using the TripleTOF™ 5600 System, analysis of the protein identification from 5600 experiments is ideally carried out using the powerful Paragon™ and Pro Group™ Algorithms in ProteinPilot™ Software.
 ProteinPilot’s a unique approach involving feature probabilities and a new kind of sequence tag algorithm, the Paragon™ Database Search Algorithm is able to search the uniprot or library of your choice for hundreds of modifications and substitutions simultaneously, these unexpected features being increasingly found as we interrogate samples more thoroughly with the improved technology. .

The Algorithms: ProteinPilot Software contains powerful algorithms that provide unique capabilities. A high percentage of MS/MS spectra are identified in every database search as the algorithm is able to broadly detect many hundreds of different post-translational modifications (PTMs) and non-conforming digest features, all in a single search. This is due to the novel short sequence tag search strategy combined with intelligent use of feature probabilities in the Paragon™ Database Search Algorithm 
. After the initial search, the Pro Group™ Algorithm assembles the peptide evidence from the database search into a comprehensive summary of the proteins in the sample. The algorithm addresses the protein grouping problem by correctly handling the complexities posed by protein subsets and isoforms and minimizing the reporting of false positives. Many different types of label based protein expression analysis workflows are supported in ProteinPIlot Software, MS/MS based workflows such as iTRAQ reagents and MS based workflows such as SILAC. 

See AB SCIEX brochure 0041210-01 “ProteinPilot™ Software Overview”.
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-ProteinPilot.pdf
See AB SCIEX technical note 1039010-01 “Understanding the Pro Group™ Algorithm”. http://www.absciex.com/Documents/Downloads/Literature/ 

Integrated False Discovery Rate Analysis: A false discovery rate (FDR) analysis is fully integrated into ProteinPilot™ software and is automatically performed with every database search using a forward/reverse target decoy search approach.
 The resulting FDR report is generated in MS Excel (version 2007) and provides the number of peptides, proteins and spectra identified at fixed local and global false discovery rates (1, 5, and 10%). A sample FDR report is shown in Table 2.

Table 2. Automated False Discovery Rate (FDR) Analysis. A MS Excel based report provides the protein, peptide and spectra level FDR results, in this example for a nanoLC-MS/MS analysis of 540 ng of HELA whole cell lysate on the TripleTOF™ 5600 System
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ProteinPilot Descriptive Statistics Template: In addition to the FDR report, other MS-Excel based tools are available for further data analysis of ProteinPilot Software results. Many different types of post-acquisition analysis are performed that enable the protein researcher to evaluate results quality and enable workflow refinements. The PDST tool automatically generates a wealth of important information from data-intensive proteomics experiments, which would normally require many weeks of manual data crunching.

See AB SCIEX Technical Note 1910211-02 “ProteinPilot™ Software Descriptive Statistics Template.pdf”.
http://www.absciex.com/Documents/Downloads/Literature/ProteinPilot-Descriptive-Stats-Template-MassSpec-1910211-01.pdf
Other Features: ProteinPilot™ Software enables the easy loading of custom FASTA databases to suit the experiment. ProteinPilot™ Software also supports the data processing of all other mass spectrometers, including LTQ-Orbitraps, Q-TOF, and LIT instruments, through conversion of their data files to generic file formats. Additionally, ProteinPilot™ software v 4.0 performs file by file mass recalibration (for all instrument types) providing a more accurate and more confident peptide sequencing capability. LCMS peak analysis is performed to determine peptide intensity, which is used extensively in the quantitation and downstream analysis tools.

NOTE: Mascot generic file (.mgf) and mzML formats can also be created from TripleTOF™ 5600 System data files using the MS Data Converter tool.  The AB SCIEX Data Converter can be downloaded from http://discoverabsciex.com/lp=328 

Phosphopeptide Identification <return to top>
Typical biological lysates have a wide dynamic range in protein levels and this challenge is often accentuated when studying phosphorylation. When using non-targeted acquisition strategies with mass spectrometry, a high scanning rate for the acquisition of MS/MS spectra is critical for the deep interrogation of a sample, and the assignment of potential sites of phosphorylation. The link between mass spectrometer scan speed and phosphopeptide detection success in proteomics experiments, is described by Schimdt et al, MCP 2008, outlining a need for exhaustive inclusion lists with fast acquisition speed in order to direct MS/MS acquisition to cover all precursors and therefore increasing the likelihood of sequencing phosphopeptides.
 When phosphorylation enrichment strategies are well implemented, fast scanning instruments are still advantageous since the phosphoproteome is complex and the abundances of phosphopeptides are wide.  See publication, Kean et al, May 2011, in the Journal of Biological Chemistry as an example of phosphosproteomics studies using TripleTOF™ 5600 technology.

Hybrid quadrupole time-of-flight instruments have intrinsic attributes that are ideal for the detection of phosphorylation sites on peptides. These include: (1) mass accurate MS/MS across a wide mass range,
,
 (2) unbiased detection of multiple charge states simultaneously, (3) low likelihood of phospho-scrambling in gas phase, compared to the effects observed in linear ion trap-based instruments 
,
 and (4) the lack of need for multi-stage CID activation for complete fragmentation. Also, quadrupole CID fragmentation can be fully quantitative throughout the full product ion mass range providing a means of translating discovery MS/MS identification experiments to targeted phospho-specific quantification easily. 

An example of phosphorylation site profiling of a serine/threonine kinase (WNK4) is shown by the MS/MS spectra in Figure 3. WNK4 kinase from mouse is a 132 kDa protein that contains 6 reported phosphorylation sites (Phosphosite; Q80UE6 (UniProtKB)).
,
  High quality MS/MS spectra consisting of both phosphoric acid neutral losses and peptide backbone fragmentation provide good certainties of serine/threonine phosphosite identification, especially with peptides containing multiple serine and/or threonine residues, such as EPAEPPLQPAS[Pho]PTLSR and SIS[Pho]PEQR (Figure 3A and 3B). On the TripleTOF™ 5600 System, the phosphopeptide is accelerated into the higher pressure LINAC® collision cell, in which the ions collide with nitrogen gas molecules with energies between 20-100 eV. A single higher energy collision leads to loss of the phosphate group from the peptide or fragmentation across the peptide backbone. Then, secondary fragmentation events can occur, such as subsequent loss of phosphoric acid from the backbone fragments. This provides an information rich spectrum for identification and site localization. Note that these phosphopeptides could not be identified by ETD fragmentation techniques due to their low charge states and acidic chemical nature. Collisional activation in linear and 3D trap-based platforms results in a predominant neutral loss daughter ion that often suppresses sequence diagnostic ions
,
 forcing the requirement for MSn , with longer acquisition cycles, and making phosphopeptide identification overall inconsistent and non-quantitative
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Figure 3. Phosphopeptide Spectra from TripleTOF™ 5600 System. Phosphopeptides were identified from WNK4 with high quality MS/MS spectra resulting in 99% confident sequence and solid phosphorylation site assignement (Paragon™ Algorithm in ProteinPilot™ Software). [A] EPAEPPLQPAS[Pho]PTLSR, pS746; [B] SIS[Pho]PEQR, pS783 (also pS781);
; [C] RNS[Pho]LSGSSTGSQEQR, pS1196; [D] RLS[Pho]KGSFPTSR, pS1169 (also pS1172).

Global phospho-proteomic studies are often carried out using established techniques for phosphopeptide enrichment followed by standard nanoLC –MS/MS workflows. A whole human cell line lysate was digested with trypsin and then subjected to phosphoenrichment using an off-line IMAC technique followed by online-nanoLC separating phosphopeptides over a standard 1 hour reverse phase gradient. The results of triplicate injections are shown in Figure 4 and are compared against a similar experiment carried out on a hybrid FT- orbital trapping platform.
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Figure 4. Phosphoprotein Identification Results. Whole human cell line lysate was digested, and then analyzed by nanoLC-MS/MS on the TripleTOF™ 5600 System and a hybrid FT-trap-based instrument. Raw data was searched against the uniprot_human database using the Mascot Server v2.2 and results were reported using the criteria stated in the above table.

Relative Quantitation of Peptides Using 
High Resolution Full Scan TOF MS <return to top>
Qualitatively, time-of-flight mass spectrometers offer the advantage towards high sensitivity full scanning at high resolving powers enabling structure elucidation, sequencing exercises or compound screening applications. Past generation TOF mass spectrometers are not well suited for quantitative measurements due to sub-optimal scan speed and limited dynamic range.
  With the simultaneous qual/quant workflows of the TripleTOF™ 5600 system, high resolution, high mass accuracy TOF MS profiling of peptides in medium complexity biological samples can provide accurate quantitative measurements across several orders of dynamic range. Concurrent to TOF MS profiling, high sensitivity, high resolution MS/MS spectra is acquired at fast acquisition rates for in-depth sample characterization. Because of the high acquisition rates of the instrument, the cycle time of this experiment can be very short and compatible with any type of LC strategy. This makes the TripleTOF™ 5600 system an attractive approach for both peptide identification and quantitation in a single experiment.  Figure 5 shows the MS/MS of a phospho-tyrosine containing peptide, identified at high confidence and including the positive detection of the signature phospho-tyrosine immonium ion at 216.043 m/z (< 5 ppm mass accuracy).  Once identified, this phosphopeptide from Cyclin Dependant Kinase 2 can be quantified from the LC elution profile by the generation of an extracted ion chromatogram (XIC) with a very narrow and accurate mass tolerance (± 10 mDa).  This example for the identification and quantification of phosphopeptides has been previously described by Steen et al (2001), using time-of-flight instruments.
,
  Immonium ions have been largely overlooked in the field as a great source of sequence confirming fragments. Although readily detected with excellent resolution and mass accuracy by hybrid quadrupole time-of-flight instruments, linear ion and 3D trapping instruments impose mass limitations at low m/z and thus often cannot identify sequence-specific or phospho-specific immonium ions.
 

See AB SCIEX technical note 0450110-01 “Simultaneous Peptide Quantification and Identification using High Resolution TOF MS.pdf”.
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-simult_pep_quant_id.pdf
MS spectra on the TripleTOF™ 5600 System are acquired at resolutions greater than 30 000 with high mass accuracy. Therefore, extracted ion chromatograms (XIC) of the precursor ion could be generated at ± 10 mDa mass tolerance, effectively reducing background interferences and thus increasing S/N on the reconstructed peak (Figure 6). Concurrent to the TOF MS quantitative scanning, MS/MS is acquired for peptide sequence confirmation, increasing specificity and certainty of the observed measurement.
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Figure 5. Phosphopeptide Identification and Quantification. TOF MS/MS spectrum of phospho-tyrosine containing peptide, IGEGTY[Pho]GVVYK, from CDK2_human protein. Once identified, the XIC trace of the precursor (m/z 633.3117; 2+) from the TOF MS scan is extracted to reveal 13 scanned pts across the eluted peak and thus a reliable quantitative measurement.
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Figure 6. High resolution TOF MS XIC profile of a peptide extracted at 0.7 - 0.01 Da showing the gain in S/N as the mass tolerance narrows to the precise accurate mass. MS/MS scans acquired simultaneously provide sequence confirmation.

Tools for Peptide Quantification using TOF MS Scanning


Automatic XIC generation from ProteinPilot™ Software protein identification results can be carried out in the Protein Quantitation micro application within PeakView™ Software.  From proteins and peptides of interest identified in a ProteinPilot Software group file, TOF MS XIC traces of confidently identified peptides are automatically generated across one or many files then exported to MarkerView™ Software.  An example sets of peptide XICs are extracted in PeakView™ software is shown in Figure 7.

See AB SCIEX technical note 2780411-01 “Label Free MS-based Quantification Using the TripleTOF™ 5600 System.pdf”.
http://www.absciex.com/Documents/Downloads/Literature/
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Figure 7.  Protein Quantitation Micro Application in new PeakView™ Software for XIC-based MS profiling of peptides. Peptides from proteins of interest, identified from ProteinPilot™ Software, are first selected (top left). Sample files to be analyzed are loaded into the application (top right). MS XICs for each peptide precursor are extracted from each data file and integrated (bottom). A peptide from peroxiredoxin 1, ATAVMPDGQFK (582.7885 m/z) is extracted across 3 samples and the relative quantification of the peptide showed 10 fold increases across samples S2 < S1 < S3.

MS spectra on the TripleTOF™ 5600 System are acquired at resolutions greater than 30 000 across the whole mass range, with high mass accuracy; therefore, extracted ion chromatograms (XIC) can be generated from MS spectra using very narrow windows (± 10 mDa), effectively reducing background interferences and thus increasing S/N on the reconstructed peak (Figure 6). 

In the example shown in Figure 7, a peptide from peroxiredoxin 1 (ATAVMPDGQFK) was selected and MS XIC of the precursor mass (582.7885 m/z) was generated an width at +/-10 mDa across three samples.  Several hundred peptides can be extracted and exported to MarkerView™ Software for more advanced statistical analysis, such as principal component analysis (PCA). This powerful label free quantification workflow provides a streamlined processing workflow from identification to global quantitation. To try PeakView’s Protein Quantitation MicroApp, download by visiting http://www.absciex.com/Downloads/Software-Downloads.

Protein and Peptide Profiling using MarkerView™ Software 

After extraction and integration of all the TOF MS data for the proteins of interest across all the LC-MS/MS runs, the peptide and peak area data is imported into MarkerView™ Software for statistical analysis and visualization.  First, principal component analysis (PCA) is carried out to compare the MS peak areas across the samples.  The result of the PCA is the discovery of sample groupings that show the similarities and differences between the samples (Figure 8).  Next, principal component variable grouping (PCVG) analysis is performed on the PCA results to find the peptides that share common quantitative trends. This label-free approach to protein quantification can therefore be performed easily and with accuracy when reference samples or reference measurements or used to normalize the measurements of proteins, relative to the reference.

See AB SCIEX technical note 0970210-01 “MarkerView™ Software 1.2.1 for Metabolomics and Biomarker Profiling Analysis”.
http://www.absciex.com/Documents/Downloads/Literature/
See AB SCIEX technical note 0590210-01 “Quantitative Protein Profiling in Cell Signaling Networks.pdf”. 

http://www.absciex.com/Documents/Downloads/Literature/
Figure 8 shows the untargeted peptide quant approach towards the identification and relative quantification of peptides from a digest of bovine serum albumin subjected to various chemical treatments conferring differences in peptides carrying modifications.  A simple TOF MS IDA analysis on the TripleTOF™ 5600 System, carried out in 20 min using standard HPLC conditions, reveals the expected grouping of the samples according to the peptides containing cysteine residues.  This is visualized by the Loadings Plot below where cysteine containing peptides are partitioned corresponding to their sample origin fully correlated with the Scores Plot.
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Figure 8. Principal Component Analysis (PCA) in MarkerView™ Software. Principal Component Analysis generates a scores plot [right] and loadings plot [left] which provides visualization of sample groupings and features that distinctly characterizes the differences between the samples.  In this example, a tryptic digest of BSA was treated with chemical modifying reagents, and then analyzed by LC-MS/MS analysis in triplicates across the 4 different sample groups. After database searching with ProteinPilot Software, the peptide XICs were generated and imported into MarkerView™ software for PCA.  Peptides carrying modifications are found to be the distinguishing features that differentiate the 4 different sample groups.

Protein Quantitation using Multiplexed Isobaric Tagging Reagents <return to top>
Protein quantification using multiplexed isobaric tagging reagents (such as the iTRAQ® Reagents) provides a highly multiplexed approach to protein profiling and expression analysis. The use of label-based approaches has been widely adopted over the last ten years as illustrated by the large number of publications (AB SCIEX technical note 1037010-02 – Multiplexed Isobaric Tagging Reagents for Protein Expression Analysis – List of Key Publications http://www.absciex.com/Documents/Downloads/Literature/ Multiplexed%20Isobaric%20Tagging%20Reagents%20for%20Protein%20Expression%20-%20Publication%20list%201037010-02.pdf). As the biomarker study sizes increases, there is increased burden on the sample throughput of the strategy. This is a key benefit to label based approaches, especially the MS/MS based quantitation strategies such as iTRAQ reagents. QqTOF instruments are currently the most suitable instruments for analyzing samples labeled with these MS/MS tags as they create low mass reporter ions that require both good sensitivity and high resolution for peak integration. When running iTRAQ samples on the TripleTOF™ 5600 System, acquisition rates are typically slowed down a little bit to ensure better ion statistics in MS/MS for quantitation, a typical experiment would be to acquire 20 MS/MS per cycle at 50 ms each using high sensitivity mode (>15000 resolution). This high resolution and mass accuracy is especially well conserved at low mass < 200 m/z. This is made possible by 30 kV acceleration voltage for orthogonal injection into the TOF flight tube and a 40 GHz TDC detector.. Ultimately, higher resolution reporter ions are resolved from chemical noise and interferences and more accurately integrated, such as the y1 proline ion, which affects the 116 m/z measurement(see Figure 9) or the phenylalanine immonium ion affecting the 121 m/z measurement (121.08 and 121.11 respectively, not shown).
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Figure 9: High Resolution MS/MS Spectra. A representative MS/MS spectrum of a peptide from APX6 for Arabidopsis Thaliana. Quantitative of this peptide across 8 samples is determined by integration of each reporter ion peak area. iTRAQ reporter ion 116 m/z shown in a TOF Product Ion scan where high resolution at low mass can resolve interferences close in mass, such as proline y1 as shown here, and improve quantitative accuracy.

The quality of the quantitation generated on the TripleTOF 5600 System can be easily evaluated using the quantitative processing tools in the ProteinPilot Descriptive Statistics Template. Of course the average intensity of the reporter ions is a good measure of quantitative quality. In addition, the extent to which multiple peptides to the same protein agree with each other in terms of expression ratio, provides an overall validation of the experimental quality. A plot of the individual peptide deviation from the mean value for the protein is shown in Figure 10B. 
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Figure 10. Peptide deviation from protein mean distribution plot as generated by the ProteinPilot Descriptive Statistics Template.

Data analysis of iTRAQ-labled peptide data is facilitated by the use of the Paragon™ and ProGroup™ Algorithms in ProteinPilot™ Software and accompanying Descriptive Statistics Templates and False Discovery Report. Qualitative peptide identification is aligned against the iTRAQ reporter ion ratios measured across all peptides then compiled to show the measurement for the protein, using a reference reporter ion (or control) of your choice to form the ratio. Additionally, protein and peptide summary tables, volcano plots, and much other useful analysis are performed by the Descriptive Statistics Template.

See AB SCIEX Technical Note 1910211-02 “ProteinPilot™ Software Descriptive Statistics Template.pdf”.
http://www.absciex.com/Documents/Downloads/Literature/ProteinPilot-Descriptive-Stats-Template-MassSpec-1910211-01.pdf
Please try it for yourself: http://www.absciex.com/PDST
Targeted Peptide Quantitation using MRMHR <return to top>
Multiple Reaction Monitoring (MRM) (or Selected Reaction Monitoring SRM) is the major quantitative workflow performed on triple quadrupole instruments due to their inherent capabilities to transmit with high efficiency selected masses across a wide dynamic range. With the speed and sensitivity now available on the TripleTOF™ 5600 System, a similar workflow can be also be performed on this instrument, using a looped full scan MS/MS workflow.  Full scan MS/MS spectra can be acquired at up to 100 Hz in a non-data dependent method (10 msec minimum accumulation times); the setting of this accumulation time is similar to the selection of a dwell time in an MRM experiment. Depending on the specificity required in the experiment, the MS/MS spectra can be collected in either high sensitivity mode (resolution > 15 000) or high resolution mode (resolution > 30 000). After acquisition, high resolution extracted ion chromatograms (XIC) of several fragment ions are generated and integrated, in a similar fashion to the processing of triple quadrupole MRM data. This workflow, named the MRMHR workflow because it approaches an MRM-type experiment, lacking the ‘Q3’ specificity, although providing high resolution in the full fragment ion spectra (see published reference “It is time for a paradigm shift in drug discovery” by Ramanathan et al, 2011).
 The MRMHR workflow is shown in Figure 11, consisting of a TOF MS scan followed by up to 100 full scan MS/MS experiments on targeted precursors. The total cycle time will depend on the accumulation time used and the number of MS/MS experiments performed. The high resolution TOF MS scan can be used to confirm precursor charge state, generating additional confidence in the identity of the detected peptide. 
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Figure 11. MRMHR Workflow on the TripleTOF™ System. This workflow consists of a TOF MS scan followed by a series of dedicated MS/MS scans, targeting up to 100 targeted peptide precursors per run.

Figure 12 shows the MRMHR post-acquisition extraction of fragment ions across the LC run, generating the MRM like data for integration. Again, just as the MS/MS spectral resolution can be adjusted, the peak extraction widths depending on the sensitivity and the specificity required. Because the extraction is post-acquisition in nature, there is also greater flexibility with the MRMHR workflow compared to traditional MRM on a QqQ. 1) Assay development is simplified because only the precursor m/z and collision energy need to be determined ahead of time. 2) Post-acquisition assessment of the optimal fragment ions to use allows the best data to be obtained from every dataset, removing unexpected interferences through processing method adjustment. Fragment ions can even be summed together to improve lower limits of quantitation (LLOQ) in certain cases. 3) XIC width can be adjusted for every specific fragment ion, to fully optimize the processing method and data quality. ;4) Finally, MRMHR workflows can be easily transitioned to QqQ and QTRAP systems due to the commonality of the instruments ‘front ends’

Leveraging the highly sensitive collision cell fragmentation of the TripleTOF™ 5600 System, the translation of discovery MS/MS data to quantitative MRM assays is highly efficient. MRMPilot™ Software v2.1 is an easy to use application for the design of targeted quantitative experiments from previously acquired MS/MS data or in silico predicted peptide precursors. After peptide and fragment ion selection, MRM or MRMHR acquisition methods are created. Once the data is acquired, the software reviews the MRMHR data, optimizes the product ion selections and collision energies to build robust final methods. After acquisition of the final dataset on the AB SCIEX Triple Quad™, the QTRAP systems or the TripleTOF™ 5600 System, the peak integration and quantitative processing is performed in MultiQuant™ Software. MultiQuant Software provides all the MRM data processing tools, including very sophisticated peak integration algorithms. 

See AB SCIEX technical note 2780411_01 “Increasing LCMS Assay Robustness through Increased Specificity using High Resolution MRM-like Analysis”. Ahttp://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-xxx.pdf 
See AB SCIEX technical note 0960210-01 “MRMPilot Software: Accelerating MRM Assay Development for Targeted Quantitative Proteomics”
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-MRMPilot%20Software-0960210.pdf 
See AB SCIEX technical note 0921210-02 0921210-01“MultiQuant Software 2.0 for Targeted Protein/Peptide Quantification”
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-MultiQuant-PeptideQuant-0921210.pdf
See AB SCIEX technical note 1060010-01 “MultiQuant for Quantitative Processing.pdf”
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-cms_047952.pdf
See AB SCIEX brochure 0041310-02 “MultiQuant Software Overview” 
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-Multiquant.pdf
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Figure 12. Looped MS/MS with high resolution fragment ion extraction for MRMHR workflow. Targeted full scan MS/MS spectra allows for the quantitation of peptide precursors by the accurate mass XIC of specific product ions at 10 – 20 mDa extraction widths (A), thereby increasing specificity of fragment ion quantitation, removing interferences, and providing more accurate quantitation (B).

As a result of the speed and sensitivity of the TripleTOF™ 5600 System, the MRMHR workflow can provide quantitative results equivalent to that of a high end triple quadrupole instrument.
  Very good LLOQ were obtained for angiotensin II peptide (160 amol) sequenced in a 10 min experiment carried out at 200 µL/min, using a sub-2ppm particle size column (see Figure 13 A and B).The quantitation of the doubly charged precursor of angiotensin II peptide (523.285 m/z) is shown in Figure 13C, depicting the XIC peak integration of the y6 product ion across 4 orders of dynamic range, from 160 amol to 1.6 pmol. A comparison of the MRM quantitation of angiotensin II peptide is shown in Table 3, with respect to limit of quantitation (LOQ), %CV, and accuracy, performed on the TripleTOF™ 5600, 4000 QTRAP® and QTRAP® 5500 Systems. As observed by the values in Table 3, the targeted MRM sensitivity of the TripleTOF™ 5600 System reaches levels somewhere between the AB SCIEX 4000 QTRAP and QTRAP 5500 system sensitivity levels. 
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Figure 13. The quantification of Angiotensin II peptide in matrix, as quantified by MRMHR workflow in MultiQuant™ Software. [A] The XIC peak integration of product ion 784.415 m/z (y6) ± 10 mDa from the doubly charged precursor (523.774 m/z) is shown for 160 amol loaded on column (this is considered LOD). [B] Full scan MS/MS spectrum is shown for 160 amol loading on column averaged from 4.95 to 4.98 min. [C] The calibration curve for this experiment shows a 4-order dynamic range from 160 amol (LOQ) to 1.6 pmol loaded on column. This experiment was carried out at 200 µL/min using UHPLC-type flow in a 10 min LC method.

Table 3. Limits of quantitation, % CV, and Accuracy obtained from the targeted MRMHR experiments of Angiotensin II forms, DRVYIHPF (1-8) and DRVYIHPFHL (1-10), as carried out on the 4000 QTRAP®, QTRAP® 5500, and the TripleTOF™ 5600 Systems.
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Intact Protein Analysis <return to top>
Intact protein mass measurements are ideally attained by time-of-flight mass spectrometers because of the well documented benefits including broad mass range scanning, high mass accuracy detection of highly charged isotope envelopes, and the established methodologies for applying spectral modeling for intact mass measurements, as extensively reviewed by Heck & Van Den Heuvel (2004).
 ESI-MS produces multiply charged protein ions, resulting in a charge state distribution in the MS spectrum. From this spectral distribution, the molecular weight of the protein can be determined using protein algorithms for the deconvolution of the charge envelope.
,
 This deconvoluted average protein mass in combination with peak modeling algorithms allows the detection of the primary protein form as well as modifications leading to small mass changes like deamidation, glycosylation or oxidation at the level of the intact protein.
 Quadrupole TOF instruments are also well suited for intact protein complexes, as published by Loo et al, 2005, reporting the intact mass monitoring of 20S proteasome protein complex on the ESI-QqTOF system.

The TripleTOF™ 5600 system has a high performance TOF mass analyzer which is capable of high speed MS scanning (20 -50 Hz) achieving ≥ 30,000 mass resolution and ~ 2 ppm mass accuracy within a single-stage reflectron and compact flight path. Impressive points of importance are good ion transmission and high sensitivity at 1000 – 4000 m/z where the majority of intact proteins and antibodies generate multiply charged ion clusters. As shown in Figure 15A, the LC-MS analysis of anti-actin monoclonal antibody shows the primary charge state envelope between 1800 -3600 m/z. The Bayesian protein reconstruction tools in BioAnalyst™ Software apply peak modeling, followed by deconvolution of the complicated charge state envelope. The output of deconvolution is a mass graph that shows the protein average mass and any resolved modifications or additional protein forms; this mass graph is then analyzed to produce a table of protein average masses and peak areas. 
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Figure 15. Intact mass measurement of monoclonal anti-actin monoclonal antibody via Bayesian Protein Reconstruction tool in BioAnalyst™ Software [A] TOF MS spectrum from 1800-3600 m/z. [B] Bayesian protein reconstruct with peak modeling in red shows the charge states with resolved modifications and additional protein forms.  [C] Intact protein reconstructed mass graph showing the relative peak intensities of the calculated mass measurements, both in spectral or tabular results formats (table above).

Conclusions

The outstanding sensitivity of the TripleTOF™ 5600 System, a new level of MS/MS resolution and high acquisition speed provides the ability to identify more peptides and proteins and provide greater depth of coverage of proteomics samples. MS/MS based quantitation strategies, such as iTRAQ reagent workflows, are more powerful on the TripleTOF 5600 System, due to more MS/MS and higher reporter ion peak resolution. In addition, high resolution accurate MS data can be used for quantitative experiments, presenting the opportunity for untargeted quantitation by TOF MS precursor XIC peak integration. Easy to use software tools are available to support all these workflows and promote proteomics research to get more out of every MS experiment.  Moreover, when the protein discovery is complete, quantitative verification studies can be carried out on the same instrument using the MRMHR workflow, providing greater productivity towards any research program.
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As lipidomics emerges as a necessary biomarker track for research in health and medicine, tandem mass spectrometry strategies can offer the throughput and the detailed characterization of lipid molecular species such studies demand. The lipidome (the totality of lipid in cells) of mammalian tissue or plasma is believed to contain thousands of lipid targets that serve to structurally and chemically regulate cell membranes, store energy, or become precursors to bioactive metabolites [recently reviewed by Shevchenko and Simons (2010) in Nat Reviews].
 Recently, a publication in the Journal of Lipid Research by Quehenberger et al (2010) described the extensive profiling of mammalian lipids in plasma and quantitative analysis of over 500 lipids across the 6 major classes.
 Combining liquid chromatography or direct infusion electrospray ionization techniques, the authoring Lipid Maps Consortium laboratories achieved this work using primarily 4000 QTRAP® Systems. The triple quadrupole and linear ion trap hybrid technology unique to the QTRAP® system technology enables a systematic targeted advantage for lipid-class specific profiling through its capability to link QqQ scanning with full MS/MS scanning for a simultaneous qualitative and quantitative strategy. For example, lipid classes such as glycerophospholids, glycerolipids, ceramides, and sterol lipids can be identified by distinguishing their characteristic headgroup ions, long base chains, fatty acid acyl ions and corresponding neutral losses. Therefore, hybrid triple quadrupole technologies provide the best quantitative capabilities by MRM, precursor ion and neutral loss scanning with amenability for correction through comparisons against lipid-class specific internal standards.
,
,
,

Strategies for lipid profiling and quantitation, however, can be further improved by coupling such QqQ-driven workflows with high resolution, accurate mass time-of-flight detection, promoting acquisition speeds that can be tailored to meet the front-end separation needs and throughput required. 

The AB SCIEX TripleTOF™ 5600 System combines our leadership in high sensitivity triple quadrupole quantification with high resolution and accurate mass for comprehensive lipid characterization. This new hybrid time-of-flight platform offers the capability of in-depth profiling lipid by molecular compositions at high speeds without compromising resolution or sensitivity. Whether the experimental approach benefits by LC fractionation or could simply be carried out by a direct infusion shotgun approach, a novel MS/MSALL workflow and high resolution TOF MS is a power toolset for lipid systems analysis. Accompanying this instrument is a software package called LipidView™ Software which features automated lipid database searching via an internal ESI lipid fragments library and a novel algorithm for isotope correction of lipid species for more accurate quantitation [Ejsing et al 2006].

Key Features of the AB SCIEX TripleTOF™ 5600 System for Lipidomics:

Accurate mass at the quantitative sensitivity of the 4000 QTRAP® System Technology

Up to 100 targeted MS/MS scans acquired in 1 s

Resolution of ≥30,000 in both MS and MS/MS

Mass accuracy of 2 ppm across entire mass range

Dynamic range is approximately 4 – 4.5 orders

Multiple Precursor Ion Scanning simultaneously while storing all TOF product ions

New ways of acquiring Information independent acquisitions; MS/MSALL and neutral loss dependant MS/MS scanning
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LipidView™ Software 1.1 for automated lipid identification using a comprehensive fragment library:

Process and interrogate accurate mass lipidomics data against a lipid fragments database containing > 25 000 lipid species.

Novel algorithm for lipid spectral peak de-isotope correction and quantitation against user defined internal standards.

Batch processing of datasets acquired by different acquisition strategies (i.e positive and negative modes, MRM and IDA, etc).

Direct export of lipid identifications and numerical quantitative analysis to MarkerView™ Software for advanced statistical and multivariate analysis tools.

Workflows on the TripleTOF™ System for Lipid Analysis <return to top>
Information Dependent Acquisition of High Resolution MS/MS

The most commonly used and most widely applicable acquisition strategy is a high resolution full survey scan followed by up to 50 precursor selected MS/MS experiments triggered by Information Dependent Acquisition [IDA]. As shown by the schematic in Figure 2, one cycle in this acquisition type consists of one TOF MS scan is followed by a prioritized set of 20 – 50 MS/MS, varying accumulation times to meet a total fixed cycle time of 1.3 s, facilitating highly-reproducible XIC-based quantitation in TOF MS mode.

Samples can be introduced by HPLC mobile phase, by direct infusion or HPLC-driven flow injection for a rapid and thorough analysis of high MS/MS coverage in either positive or negative polarities. Subsequent datasets are then processed by LipidView Software. In a typical LipdiView™ Software data processing workflow, TOF MS and MS/MS data are extracted via high resolution parameter settings and searched against the lipid fragments database. Spectral peaks can then be corrected for responses from lipid class-specific internal standards and de-isotoped.
,
 The Data Details Workspace within the software enables the viewing of all precursor masses aligned with all fragment ions giving rise to the assigned lipid species. See Figure 3B.
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Figure 2. One scan cycle in information dependent acquisition mode, consisting of a full MS survey scan (250 ms) followed by up to 50 MS/MS events (20 ms each) resulting in a total cycle time of 1.3 s.
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Figure 3. LipidView™ Software Results Workspace for reviewing numerical data and plotting lipid profiles across processed samples. [A] The MS/MS Results view of all identified lipid species, showing calculated peak areas and corresponding lipid profiles for the major lipid classes. [B] Data Details view of precursor mass and aligned fragment masses for each identified lipid.

See technical note 0922610-01 “LipidView™ Software for the Identification and Quantification of Lipids in Complex Biological Extracts.pdf”.
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-cms_075411.pdf
Neutral Loss IDA Triggered MS/MS

A variation of the commonly used IDA workflow can be applied to prioritize MS/MS experiments triggered by certain compound classes, if, as in many known cases, the compound-class precursor ions undergo specific neutral loss during MS/MS. This is known as a Neutral Loss IDA, and this acquisition can be performed on the TripleTOF™ 5600 System with the use of alternating low CE/high CE scans. As shown in Figure 4, two full scan TOF MS are carried out; one at low collision energy [CE] and the second at high CE. If a peak appears in the high CE scan that corresponds to the neutral loss of a mass pre-defined in the method, will then become prioritized and selected first for MS/MS. As mentioned above in the description of IDA strategies, up to 50 MS/MS experiments can be achieved in a single 1.3s cycle offering a simultaneous blend of quantitative and qualitative information-rich results. 
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Figure 4. Neutral loss dependent acquisition, consisting of 2 full TOF MS scans, one at low collision energy (CE) followed by a second at high CE. Those precursor ions which exhibit a defined neutral loss, determined in the instantaneous comparison of the low and high CE MS spectra are then prioritized and are selected for MS/MS by comparisons against user-defined list of neutral loss masses along with any other IDA criteria specified. Ten to 20 MS/MS experiments can be carried out (50 ms each) completing a total cycle time of approximately 1.4 s. 

To demonstrate this workflow, the analysis of triacylglycerides (TAG) consisting of common fatty acid moieties can be targeted in a list of 58 expected neutral loss masses (Table 1). Approximately 10 000 high resolution MS/MS spectra (positive mode) are collected in a 20 min chromatographic method. Resulting data can then be processed by LipidView™ Software for TAG+NH4+ and/or DAG+NH4+ lipid identification with or without isotope correction or adjustment by internal standards.

Table 1. Neutral loss mass list covering TAG species containing fatty acids from C10 – C22
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Figure 5. The Advanced Profiles View of TAG species across 4 sample groups, as displayed by LipidView™ Software. A total of 58 TAG species were confirmed by this neutral loss IDA method.

Multiple Precursor Ion Scanning and MS/MSALL
As an alternative approach to IDA, a simple information-independent technique of stepping through a set mass range in small units, effectively fragmenting everything within the set mass range, can offer distinct advantages in the profiling of lipids in complex biological extracts. Without IDA precursor prioritization, every mass isolated in Q1 offers the potential for an information rich MS/MS spectrum so that nothing is missed and all masses can potentially be used for lipid identification. In the MS/MSALL workflow, a unit-resolved window (defined in Q1) steps through a given mass range, with the collision energy set to sweep 20 to 80 eV, all the resultant product ions are measured and recorded enabling the recall of any precursor ion spectrum and lipid-class specific profiling post-acquisition. This technique is similar to multiple precursor ion scanning on a QqQ-type instrument,
,
,
,
 (see Figure 6A for a typical multiple precursor ion scanning scanning).  However, the MS/MSALL approach is carried out with the simple activation of a script that forces Q1 steps through the mass range and fragments every precursor, as though it was selected by IDA, but with no prioritization and with the enhancement of high resolution and accurate MS/MS mass information. Additionally, a high resolution TOF MS survey scan is looped within the acquisition to supplement the precursor profile with high mass accuracy measurements for optimal lipid identification. A genre of this technique has been previously described using direct infusion workflows on linear ion trapping instruments [Chen et al, JBC, 2008],
 however, the speed, low resolution, and duty cycle inflexibilities tend to impart inconsistencies with such a strategy on trap-based instrumentation.

See technical note 0922810-01 “Comprehensive Lipid Profiling of Liver Tissue Extracts from Patients with Non-Alcoholic Fatty Liver Disease.pdf”
http://www.absciex.com/Documents/Downloads/Literature/mass-spectrometry-cms_075412.pdf
Time-of-flight instruments are ideal for independent MS/MS scanning as they can cycle faster across a broader mass range while providing accurate mass information [Stålman et al, 2009].
,
  Referring to Figure 6B and C, a single MS/MSALL cycle is shown. All precursors are selected in Q1 at UNIT-based resolution in a step-wise fashion to completely cover the entire mass range of interest. Accelerated CID fragmentation in Q2 carried out at high speeds achieves over 1000 MS/MS covering every precursor in the mass range each cycle.  Resultant MS/MS of 30,000 resolution and ~ 2ppm mass accuracy spectral information to which each cycle can be visualized in a 3-dimensional plot depicting all precursor ions, product ions and neutral losses (Figure 6D).  This powerful workflow can be run in both positive and negative modes, with a collision energy ramp across each MS/MS (50± 25 eV), enabling unlimited feature extraction from a complete chemical record of all ions at high resolution.  This is demonstrated at a direct infusion experiment, accumulating MS/MS spectra at 80 ms each for a total cycle time of 85 s. Reproducibility is high given the ordered collection of MS/MS in time and % CV on product ion measurements are achieve < 10% in most cases. This lipid infusion workflow could be amenable to LC experiments, using timed segmented mass ranges tailored to the lipid class being separated by the chromatographic method to satisfy a faster cycling of MS/MS through a targeted mass range.
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Figure 6. [A] Multiple Precursor Ion Scanning (MPIS) on the TripleTOF™ 5600 System: a Q1-directed scanning technique that sweeps a UNIT resolved selection window across the mass range while fragmenting all precursors and collecting all resulting fragments in the TOF. Precursor ion spectra can be displayed from a user-defined list of fragments ions specified either pre-or post-acquisition to trace back precursors that contain a particular product ion. [B] A single cycle of MS/MSALL consisting of precursor selection and fragmentation, in order, from 200 – 1000 m/z is shown in [C] using the data explorer visualization tools in PeakView™ Software. [D] 3D view of a single cycle of MS/MSALL in negative mode, plotting fragment mass (200-1000 m/z) against precursor mass (200 -1000 m/z) and fragment intensity (blue to red). From the 3D data cube, any precursor ion, neutral loss, or MS/MS spectrum can be visualized benefiting from such information collected at high resolution with mass accuracy.

The global identification and quantitation of glycerophospholipids has been previously reported by lipidomics workflows on the QSTAR® Elite System employing multiple precursor ion scanning [Stalman et al, 2009; Ejsing et al, 2006; Ekroos et al, 2002].
,
,
,
 Therefore using a total brain lipid extract, the same premise was carried out on the TripleTOF™ 5600 System using the MS/MSALL workflow in both positive and negative modes, acquiring MS/MS of each precursor from 200 – 1200 m/z. Combining the positive and negative mode datasets, this strategy enabled the identification of glycerophospholipids covering fatty acid moieties containing carbon chains lengths 10 to 24 carrying 1 – 6 double bonds, and their representative internal standards, as seen in Figure 7. Using LipidView™ Software for the batch processing of the resulting raw data sets, a total of 1147 lipids were confirmed using this negative mode workflow and 239 lipids in positive mode in a total acquisition duration of 2.8 min (see Table 2 for a complete list of rat brain and bovine liver tissue lipids that were identified using the MS/MSALL workflow).

[image: image37.png]PoakAra

000

8000

7000

6000

4000

3000

2000

1000

Lipid Class Profile: all

average
% CV =47

7000

5000

4000

3000

2000

B3

R83
‘Sample Name

B3





[image: image38.png]Poac intonsty

8

Fatty Acid Profile: all

average
% CV=4.2

20

RE2

RE3
‘Sample Name

RE4





[image: image39.png](o4 Internal Standards

S B 0] e 10 e e WO P70 Ps TOTR R T O AT
o Foiiesger] SO wmn o GnE mey e AR ey e
O Fese i Me s s w3 g h e average

% CV=5.8





Figure 7. The Advanced Profiles View from LipidView™ Software illustrating the glycerophospholipid class [A] and fatty acid acyl ion [B], and internal standard [C] profiles from a total rat brain lipid extract analyzed by MS/MSALL on the TripleTOF™ 5600 System in 85 s cycle (x 2 cycles) equaling a 2.8 min total acquisition time in negative mode.

Table 2. A summary of the number of confirmed and common unique molecular lipid species from brain and liver tissues lipid extracts identified by LipidView™ Software using the MS/MSALL workflow
[image: image40.png]Lipid Extract

Negative mode MS/MS* 800 3 0* 0*
Liver

Positive mode MS/MSAL 152 125 40 12

Negative mode MS/MSAL 1147 0* 0* 0*
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Positive mode MS/MSAL 239 112 119 3

Liver (total = 1132) 952 128 40 12
Totals Brain (total = 1620) 1386 112 119 3
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MS/MSALL Data Visualization in PeakView™ Software

As side from the lipid library searching and semi-quantitative capabilities in LipidView™ Software, the raw data collected from an MS/MSALL acquisition can be further aligned, extracted, filtered or preferentially displayed in PeakView™ Software for additional interpretative capabilities.  For example, TAG lipids can be easily viewed in positive mode MS/MSALL acquisitions through the use of neutral loss filters, as shown in Figure 8.  A unique suite of filters allow for the user to extract precursor ions from any product ion or neutral loss mass to display an alignment of lipid species across batches of files.
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Figure 8. Data Visualization Tools in PeakView™ Software for TAG lipid profiling in liver using the neutral loss, and product ion extraction and filtering from a 3D datasets generated each MS/MSALL cycle.
Targeted MRMHR Quantitation of Lipid of Specific Molecular Compositions

The targeted MRM approach represents a highly sensitive and reproducible method for lipid quantitation, and is highly established for the robust quantitation of lipids from all classes.
,
,
,
,
 In this type of experiment (shown in Figure 9), a set of lipid precursors is defined for continual, looped product ion scanning, enabling accurate quantitative peak measurements to be derived from the post-acquisition extraction of their product ions, all collected at high resolution. Internal standards can be incorporated in the same fashion to allow for lipid-class normalization or signal correction by the quantitative detection of common fragments. Such experiments can couple a series of specified fragment ions representing a unique lipid species by accurate mass XIC traces, representing a value-added benefit to refining quantitation methods even after the data is acquired. 
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Figure 9. Targeted MRMHR performed by looping one high resolution TOF MS full scan, followed by unit mass precursor selection and looped MS/MS of up to 100 lipid species per second.

For example, the targeted quantitation of PC and SM lipids is shown in Figure 10. MRMHR data can be processed by LipidView Software using a target lipid list for lipid verification. Furthermore, MRMHR data types can also be processed with the most advanced suite of XIC and LC peak integration algorithms using MulitQuant™ Software to deliver relative and absolute lipid quantification across many samples. 
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Figure 10. [A] The LipidView™ Software Data Details View of Targeted MRMHR performed by looping one high resolution TOF MS full scan, followed by unit mass precursor selection and looped high resolution MS/MS of up to 100 lipid species acquired per second.

Linking Lipid Discovery to Untargeted Lipid Relative Quantitation and Statistical Profiling <return to top>
With the flexibility to acquire data using Information Dependent Acquisition, targeted MRM, or MS/MS ALL data independent modes, the TripleTOF™ 5600 System makes it possible to generate a myriad of complementary datasets to be used in lipid profiling experiments across multiple samples. After lipid identification and relative quantification, statistical multivariate analysis is the next phase for the understanding the differences between lipidomes and the significance of the quantified lipids giving rise to these differences. LipidView™ Software is able to output the lipid identifications and accompanying peak intensities, peak areas, or internal standard corrected values in a format suited for a direct import into MarkerView™ Software. Using MarkerView™ Software, trends in lipid expression can be visualized across several biological samples using principal component analysis [PCA]. An example of bovine liver and rat brain lipid profiling experiment is shown in Figure 11, whereby the lipid identifications and relative quantitation were carried out using LipidView™ and the data then exported to MarkerView™ for PCA interrogation. In a typical PCA experiment, the Scores Plot initially reveals the grouping of samples. Principal component grouping analysis then clusters the lipids corresponding to those that share similar trends, visualized in the Loadings Plot. The combination of lipid identification and PCA analysis provides a powerful statistical workflow to distil large complex datasets into meaningful biological information.
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Figure 10. A view of MarkerView™ Software in the analysis of liver and brain lipid extracts pre-processed by LipidView™ software then imported into .txt file format for principal component analysis.  The scores plot (upper left) and loadings plot (upper right) provides the sample grouping and distinguishing lipid identifications.  Lipids in high abundance to brain, e.g. sphingomeylin 36:1;2, can be profiled (lower left) and displayed in a t-test plot (lower right) to discern biological trends in these two lipidomes.
Conclusions <return to top>
The AB SCIEX TripleTOF™ 5600 System is a hybrid quadrupole time-of-flight mass spectrometer capable of unique acquisition modes not possible on any other platform in the industry today.  It offers a suite of simplistic yet comprehensive workflows including neutral loss IDA triggered MS/MS, targeted MRMHR, multiple precursor ion scanning, and information independent MS/MSALL.  All of these workflows are amenable to the best-in-class UPLC online separations, flow injection, or direct infusion for fast sampling with the AB SCIEX TurboIonSpray®, AB SCIEX Nanospray® III or Advion Triversa Nanomate Sources. LipidView™ Software enables lipid library search of high resolution and mass accurate lipid data in high throughput with the capability to correct for isotopic contributions and for the responses of multiple internal standards.  The output from LipidView™ Software can be further processed via export to MarkerView™ Software to distinguish differences and parsing of thousands of lipid species to identify more biologically relevant markers in an efficient and productive total lipidomics solution.
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