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Abstract

Data independent acquisition (DIA also termed SWATH) is an emerging technology in the field

of mass spectrometry based proteomics. Although the concept of DIA has been around for over

a decade, the recent advancements, in particular the speed of acquisition, of mass analyzers have
pushed the technique into the spotlight and allowed for high-quality DIA data to be routinely
acquired by proteomics labs. In this chapter we will discuss the protocols used for DIA acquisition
using the Sciex TripleTOF mass spectrometers and data analysis using the Sciex processing
software.
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1 Introduction

Data Independent Acquisition Mass Spectrometry (DIA-MS) is a long-standing technique
[1, 2] that has garnered increased attention recently due to the development of new pipelines
for extracting, identifying, and quantifying peptides using a targeted analysis approach

[3, 4]. SWATH™ couples DIA-MS with direct searching of individual samples against an
established, and often a more exhaustive, peptide MS spectral library [3, 5, 6]. SWATH™ is,
therefore, a two-step process (Fig. 1), development of the MS spectral library, commonally
on a pooled sample representing the breath of the experimental collection, using information
dependent acquisition (IDA also termed data dependent acquistion (DDA)) (see Note 1) and
then the subsequent analysis of each individual sample by DIA. Thus, a major advantage
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of SWATH™ is that it can maximize the peptides observed both within an individual
sample and across all of the samples in an experimental set, thereby increasing proteome
coverage, experimental efficiency, reducing quantitative variability, and minimizing missing
data across an experimental matrix. It is important to note that SWATH™ is an emerging
approach and methods for estimating peptide identification confidence and false discovery
rates as well as the ideal approach for estimating peptide and protein quantity from
transition extracted ion chromatograms are continuing to evolve along with the sensitivity
and capabilities of the instrumentation itself. As with any large-scale quantitative screening
method, care should be taken to confirm and validate the biological differences and
conclusions that are derived from a SWATH™ experiment.

Ina SWATH™ experiment, proteins are digested and either directly infused or, more

often, separated by liquid chromatography (LC) prior to analysis on a TripleTOF mass
spectrometers (5600 or 6600, Sciex), a Q-Exactive mass spectrometer (Thermo Scientific),
or any instrument with sufficiently high scan speed and a quadrupole mass filter. On the
Triple TOF instruments, precursor peptide ion selection is performed by filtering precursors
collectively through mass-to-charge windows, typically 4-10 m/zwide, sequentially across
the entire m/zrange of interest rather than selectively isolating a single precursor mass/
charge (m/2) per MS/MS scan as performed in IDA-MS experiments. Due to the typically
wider isolation windows used in DIA experiments, two or more co-eluting precursors are
often fragmented collectively to produce an MS2 spectrum containing a convoluted mixture
of fragment ions from multiple precursor ions.

One approach used to increase the ability to find and confidently identify peptides from
these complex mixed spectra is to associate specific peptides with defined regions within
the chromatographic elution profile. Currently, in order to accomplish this, retention time
(RT) determination and alignments across samples are key aspects of searching IDA data.
Exogenous supplied RT standards [6] or endogenous RT standards [7] that are composed
of peptides consistently observed across large number of samples must be used for RT
calibration in order to properly align individual ion chromatograms across the entire
sample’s elution profile.

Optimization of m/zwindow number and dwell time/ion accumulation time per window

is performed so that the instrument cycles through the entire desired precursor m/z range
(e.g., 400-1250 ml2). This is largely instrument and sample specific. For the 6600 triple
TOF, you can go up to 2250 m/z but we typically analyze between 400 and 1250 m/z

for tryptic digests. When analyzing middle down or any peptides larger than the average
tryptic peptides, the full range can be used with the appropriate considerations to SWATH™
windows and cycle times. Ultimately, the key is to allow the instrument to cycle rapidly
enough to capture multiple observations across the chromatographic elution profile for a
given ion.

1. The Sciex terminology Information Dependent Acquisition (IDA) is the same as Data Dependent Acquisition (DDA) and this is the
terminology used in the Sciex software for shotgun proteomics experiments. In this paper we will be using the IDA acronym to be
consistent with the Sciex terminology and software.
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The data are subsequently searched against a sample-specific peptide library that allows

a set number of transition ion chromatograms to be extracted for a peptide within the
window of its predicted RT (determined by its observed or normalized RT from the peptide
library). The peak groups are scored according to several factors intended to discriminate

a “true” peptide target from nonspecific noise, and the distribution of these target scores is
modeled against the distribution of scores attributed to decoy peak groups to determine a
score cut off resulting in an acceptable false discovery rate. Relative peptide abundance is
then inferred from the aggregate of the area under the curve for each transition extracted
ion chromatograms (XICs), and various statistical approaches are used to roll transition
intensity XICs into peptide intensity estimates, which can then be used to estimate the
overall protein intensity. In this chapter, we present the typical workflow used currently by
our group to prepare, acquire, and analyze proteomic data for a DIA-MS experiment of cell
or tissue samples. For simplicity and pragmatism, we present the workflow as completed
using SCIEX TripleTOF® instruments and data analysis platform exclusively, with mention
of alternative approaches as appropriate.

1.1 Quality Assurance and Quality Control (QA/QC) Considerations

Robust quality assurance (QA) or quality control (QC) protocols are essential to monitor
instrument performance and improve reproducibility and reliability of data. A QC standard
run can be analyzed at fixed times such as the beginning and end of an experiment or day

to assess variation in a variety of quality control metrics [8]. For the TripleTOF instruments,
we conduct internal mass calibrations of mass accuracy and sensitivity for both MS1 and
MS2 scans every 3-5 runs by monitoring at least eight peptides from 100 fmol digested
beta-galactosidase standard (Sciex) and seven transition ions from the 729.3652 [M+2H]2*
ion (Table 1). What also needs to be tracked is sample processing to ensure the quality

of the peptide mixture being analyzed, which is not addressed at in this manuscript but is
well established in targeted multiple and selective monitoring workflows. To do this one

can include an exogenously protein, such as beta-galactosidase, into the sample prior to
digestion. Beta-galactosidase selected peptides can be quantified (if N° labeled peptides are
added after digestion to the sample) or assessed in each sample (for more details see Chen et
al., in this book).

Internal peptide retention time (RT) standards are currently an essential component of both
peptide library generation and DIA-MS data analysis, and must be (1) detectable across

all individual samples and (2) spread evenly across the chromatogram. Retention time of

a given peptide from the library is used to set an extraction window for its peak group
identification from the SWATH™ /DIA-MS data file, and subsequently also used in scoring
the confidence of a given peak group assignment to a peptide sequence from the library. If
SWATH ™/DIA-MS data files and peptide library files are collected absolutely sequentially
with nearly identical chromatography, one might bypass the use of RT alignment standards.
Much more commonly, differences in sample matrix, chromatographic setups, timing

of instrument batch acquisitions, and many other factors will contribute to imperfect
chromatographic alignment necessitating RT standards to normalize peptide assay library
retention time to the SWATH™ acquisition file retention time. Used alone or in combination
with retention time standards that are spiked into a sample, endogenous reference peptides
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can also be used for the calibration of retention times across samples [7]. These can be
unique to a specific library (sample); however, there are common and conserved peptides
that may be present in most, if not all, mammalian cells and tissues which can be used

as a complement or replacement to synthetic, externally spiked RT reference peptides [7].
Note, that new methods to analyze DIA data sets are being developed and the need for

RT standards may change, however, expectations are that RT alignment will remain part
of the QC for assessment of LCMS runs. As well, QC tools are available to assess quality
control metrics in a shotgun or targeted proteomic workflow that allows chromatographic
performance and systemic error to be monitored [9]. Tracking RT standards across sample
runs can also serve to assess instrument performance.

Finally, as larger numbers of individual samples are analyzed adopting other routine QC
such as randomization or blocking of sampled to minimize sample analysis bias and regular
collection of quality control samples spaced evenly and strategically throughout acquisition
batches will be necessary components of SWATH™ experimental design.

1.2 Spectral Library Building—Data Generation

A spectral ion library is most often used for the targeted analysis of SWATH™/DIA-MS
data, although other methods (as mentioned above) are being explored and developed [10,
11], and can be primarily cell or tissue and species specific or a broader library assembled
from all relevant peptide observations from a given species [5]. Spectral ion libraries are
most commonly built using traditional shotgun proteomics in IDA-MS mode. In some cases
spectral ion libraries previously generated have been made available to the public from
various labs [5, 12, 13]. Here we will discuss the creation of new spectral ion libraries

from IDA analysis of proteolytic digestions. Additional detailed information regarding the
generation of spectral ion libraries, including the management of protein redundancy and
isoform specificity, can be found in Schubert et al. [5]. It is important to consider differences
in peptide fragmentation patterns between instruments, and ideally use IDA data acquired on
the same instrument from which you will perform your SWATH ™/DIA-MS acquisition [14].

Spectral ion libraries can be constructed in a number of ways. The first and most
straightforward way to create an ion library is to analyze a proteolytic digestion in IDA
mode of a pooled sample created from all of the individual samples that will be subsequently
analyzed by DIA or of samples composing the extremes of the phenotype. This will give the
most basic ion library comprising the peptides identified in a single IDA run that can then
be used against the SWATH™ acquired version of itself and any other SWATH™/DIA-MS
acquired sample of the same general proteome. In an attempt to expand the number of

ions selected for fragmentation for library generation from a single IDA run of the pooled
sample, multiple runs or technical replicates might help increase the proteome coverage
provided to the sample library beyond what may be obtained from a single run and thus may
help compensate for the error in sampling that is inherent to DIA methods. Alternatively,
deeper and more inclusive ion libraries can be constructed post-digestion using off-line
peptide fractionation and analysis of these fractions independently in IDA mode. The

IDA runs are then combined to create a more complete and inclusive ion library for the
given sample proteome. This should ultimately increase the power of DIA-based protein
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identifications by increasing the number of peptides used to quantitate highly abundant
proteins while harnessing the sensitivity of MS2-based quantitation necessary for low
abundance proteins and peptides. Some methods commonly used for peptide fractionation
are basic-reverse phase HPLC (bRP-HPLC) [15], strong cation exchange (SCX), and strong
anion exchange (SAX) [16] (see Notes 2 and 3). Our lab typically uses bRP-HPLC or a
solid phase extraction SCX [17] method for peptide fractionation prior to MS analysis.

For SWATH™ analysis of post-translational modifications, it is recommended to employ
enrichment strategies (if applicable) either independently or in combination with the peptide
fractionation techniques described and as typically performed in shotgun experiments.

The following protocol is for library generation using Sciex TripleTOF™ systems with
an Eksigent® 415 nano LC and ekspert 400 autosampler, although alternative LC and
autosamplers may be used with the TripleTOF systems.

2. Materials

1 Proteolytic peptide mixture, most often MS-grade trypsin (Promega).
2. 5600 or 6600 TripleTOF system.

w

Nano-LC and autosampler (e.g., Eksigent® 415 nano LC, ekspert™ 400
autosampler) and ekspert™ cHiPLC (optional).

Trap and analytical LC columns (Eksigent® P/N 804-00006 and 804—-00001).
Proteolytic peptide mixture, most often MS-grade trypsin (Promega).

5600 or 6600 TripleTOF system.

N o 0 &

Retention time standards, either commercial peptides that are spiked in right
before MS analysis (e.g., Biogynosis cat# KI1-3002-2) or endogenous peptides
present in all samples, can be used (Parker et al., in press) (see Note 4).

Software Needed (See Note 5)
1 Analyst TF 1.7.
2 PeakView 2.0 or higher.
3 Variable Window Calculator.
4, Protein Pilot 4.5 or higher.
5 SWATH™ microapp.

2. bRP-HPLC fractionation may be preferred over SCX or SAX fractionation if downstream phosphopeptide enrichment or analysis of
other negatively charged peptides is desired. This is due to a more equal distribution of phosphopeptides throughout basic RP fractions
compared to SCX and SAX fractions, in which phosphopeptides are most dense in the early and late fractions, respectively.

3. The SCX method published by Dephoure and Gygi [17] was based on 10 mg of starting material and was used upstream of
phosphopeptide enrichment. Our lab has used this method for both phosphoproteomic and general proteomic analysis and we have
scaled back the protocol for 1 mg of starting material, in which we have cut the reagents used in the Dephoure and Gygi paper by
1/10th. If using less than 1 mg of starting material, scale back the reagents accordingly [13].

4. If large number of samples, include beta-galactosidase for sample preparation assessment and N5 labeled peptides to track (see
Chen et al., this book).

5. Sciex software can be downloaded at http://www.absciex.com/downloads/software-downloads.
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6. Microsoft Excel.

7. MarkerView (optional).

3. Methods

3.1 IDA Analysis of Proteolytic Digests for Spectral lon Library Building

1 Create an IDA method in Analyst TF 1.7 with one survey scan and 20 candidate
ion scans per cycle (see Note 6). Check the Rolling Collision Energy box.

2. For TOF MS (MS1)

a. Under the M S Tab set the accumulation time to 250 ms and the mass
range from 400 to 1250 Da (Fig. 2, see Note 7). Set the method
duration to match the length of your LC gradient method.

b. Under the Switch Criteria tab set the range to match what you selected
under the above window, monitor charge states from 2 to 5 which
exceed 150 counts, set the mass tolerance to 50 ppm, and set your
exclusion criteria (Fig. 3, see Note 8).

C. Under the Include/Exclude tab put in any masses you want to monitor
or exclude in your analysis.

d. Under the IDA Advanced tab make sure Rolling Collision Energy is
checked and make any other necessary changes that would be pertinent
to your experiment.

e Default settings do not need to be changed under the Advanced MS
tab.

3. For Product lon (MS2)

a. Under the M S Tab set the accumulation time to 100 ms and the mass
range from 100 to 1800 Da and check whether you want high resolution
or high sensitivity (the high sensitivity function is most commonly
selected for proteomics experiments).

b. All other tabs should maintain the same parameters as for the TOF MS
and do not need to be changed.

4, Load the sample appropriate Gradient, Loading Pump, and autosampler methods
and save your Acquisition File.

5. Analyze your peptide samples.

6. The number of survey scans desired for the analysis of concatenated or single run samples for library generation is a matter of user
discretion but a typical IDA method on a TripleTOF system uses 20 candidate ions.

7. The 5600 TripleTOF system can go up to 1250 777/zand the 6600 TripleTOF can go up to 2250 7/ z. However, we find that for
tryptic digests there is little additional peptide data obtained above 1250 m7/z. The larger mass range on the 6600 system is beneficial
when doing large protein modifications such as glycoproteomics or when using alternative proteolytic methods that produce larger
peptides (i.e., Lys-C, CNBr).

8. These values are meant to be used as a general guide in setting up an IDA method. Optimization for individual systems and sample
types may be required for optimal results. For PTM and low abundant peptide analysis the accumulation times may be adjusted to
allow for increased signal in both the MS1 and MS2 scans.

Methods Mol Biol. Author manuscript; available in PMC 2024 November 11.
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3.2 SWATH-MS Data Acquisition (DIA-MS acquistion)

3.2.1 Creation of Variable Window SWATH™ Methods—Optimized SWATH™
methods can be constructed for specific samples using the Sciex Variable Window
Calculator application. The steps for creating the customized SWATH™ variable windows
for a specific sample are listed in the Variable Window Calculator under the I nstructions
and Controlstab. After following these directions select the number of variable windows
(see Note 9) you want to analyze in your method and the mass range of the SWATH™
analysis. For general proteomics experiments the window overlap is usually left at 1 Da and
the collision energy spread (CES) is usually left at 5. The minimum window width should
be set no lower than 4 due to the default parameters in the PeakView software. After the
Variable Window calculator is finished creating the optimal windows for your analysis go to
the OUTPUT for Analyst tab and copy columns A, B, and C into a new Excel file and save
as a Text (Tab Delimited) file which can then be loaded into the SWATH™ method within
Analyst TF 1.7.

3.2.2 Creation of a SWATH™ Method in Analyst TF 1.7

1 In Analyst TF 1.7 go to the Build Acquisition Method tab on the left-hand side
of the window. Click on TOF MS and select Create SWATH™ Exp button then
select the Manual tab within this window.

2. Under SWATH™ Analysis Par ameter s select the mass range of the analysis
(typically 400-1250 Da for tryptic peptides). Under Fragmentation Conditions
make sure Rolling Collision energy is checked (the CES set in the Variable
Window Calculator will overwrite the CES value inputted on this screen). Under
SWATH ™ Detection Par ameter s select the mass range to monitor for the
SWATH™ MS2 spectra (typically 100-1800 Da) and the accumulation time for
each window (typically for 100 VW 30 ms is adequate) (see Note 10). Lastly,
click the Read SWATH™ Windows from Text File box and load in your .txt
file created in the Variable Window Calculator.

The accumulation time for the MS1 can be set between 50 and 150 ms to give a quick
survey scan for each cycle (see Note 11). Select the appropriate loading pump, gradient, and
autosampler methods for the file (see Note 12). The gradient method chosen should be the
same one that was used during the IDA analysis preformed to generate the proteome-specific
spectral library.

9. The number of variable windows chosen should be considered carefully as the more windows selected the shorter the dwell time
will have to be for each window. For general purposes 100 VW and a 30 ms dwell time should be sufficient to yield good quantitation

of peptides.

10. If accumulation times less than 30 ms are desired, it is recommended that they be tested prior to large-scale sample analysis to
ensure the accumulation time chosen will give adequate signal for quantitation.

11. If using the 5600 TripleTOF system, the minimum accumulation time for the MS1 should be set to 150 ms to ensure the MS1
quality is sufficient to perform the background calibrations during the run. The 6600 TripleTOF system does not use this background
calibration so a shorter MS1 accumulation time (50 ms) may be used to get a quick survey scan.

12. The LC and autosampler methods will vary between labs and the gradient lengths will vary depending on the complexity of the
samples. Typically, for complex mixtures a gradient of 5-35 % B over 90-120 min is suitable and for less complex samples (i.e.,
immunoprecipitations, purified proteins) shorter gradients between 30 and 60 min may be sufficient.

Methods Mol Biol. Author manuscript; available in PMC 2024 November 11.
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3.3 SWATH™ Data Analysis Using PeakView 2.1 and SWATH™ Microapp 2.0

3.3.1 Introduction to SWATH™ Data Analysis Procedure—As with many
methodologies, there are several options for processing SWATH™ data and analyzing
results. Here, we present the protocol to process data through the SCIEX proprietary
software. In our lab, we also regularly utilize two alternative pipelines, Skyline [18] and
OpenSWATH [4]. Skyline is a free and open-source tool built in Windows computing
environments for analysis of multiple MS data types, including DIA. OpenSWATH™ is

a free and open-source built within the openMS data analysis tool space, and operates
optimally in a Linux computing environment. A summary of the basic information
pertaining to using these two alternate data analysis pathways is provided in Table 2 located
at the end of this section. In this final section, we will provide a cursory summary specific
to the approach used in our lab for the general implementation of the SCIEX software tools.
We recommend referring to the SCIEX software user manuals for additional guidance.

3.3.2 Creation of Spectral lon Library Using Protein Pilot Paragon Method

1 Prepare the protein reference database that you will use for matching
DDA spectra to peptide sequences. For instance, FASTA documents for
annotated proteomes can be downloaded from the Uniprot website: (http://
www.uniprot.org/proteomes). Typically, we chose to use the curated, or reference
proteomes, for a given organism of interest.

a If external retention time standards were used in the experiment, such
as the Biognosys iRT (see Note 13) peptides, copy their sequences
and append to your FASTA file by opening it in a text editor. FASTA
proteome databases should be saved in the appropriate folder within
the Protein Pilot software files on your computer as per the software
manual instructions.

2. In Protein Pilot, select the option for an LC MS search and prepare a database
search method appropriate for your experiment, including all of the raw data files
you would like to include to build the ion library.

3. Once the search is completed open the “FDR report” generated for the search
and record the number of proteins identified at 1 % Global FDR to be used as
input in the following section.

3.3.3 Importing lon Libraries into the SWATH™ Microapp and Analyzing
SWATH™ Data

1 Open PeakView and using the tabs at the top of the screen, navigate to
Quantitation — SWATH™ Processing — Import lon Library (Fig. 4).

2. Find the .group file produced from the Protein Pilot search and set the number of
proteins to import to the 1 % Global FDR (see Note 14) recorded in the previous

13. iRT FASTA sequence is available at www.bhiognosys.com, or type the following into your FASTA file:
14. FDR threshold can be set higher or lower depending on the user preference; the higher the FDR is set the more proteins will be
incorporated into the library but the confidence of these proteins will not be as high as if a lower FDR threshold is used.

Methods Mol Biol. Author manuscript; available in PMC 2024 November 11.
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section from the FDR report generated by Protein Pilot. Typically peptides
shared by more than one protein are not imported. Under Select sample type,
chose the option appropriate for whether the samples were unlabeled (typical) or
labeled with a chemical tag (i.e., iTRAQ, SILAC).

3. Select all of the SWATH™ files to be analyzed for a given experiment.

4, Set your processing settings. For protein quantitation analysis, examples of
typical parameter settings are given in Fig. 5 (see Note 15).

5. After setting your processing settings click “Process” to analyze your SWATH™
data.

6. Once completed you can export the data for visualization in MarkerView
by clicking Quantitation— SWATH™ Processing— Export— Areas or
Export— All to get a complete list of all parameters for the analysis in Excel
format (Fig. 6).
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Schematic of general workflow for SWATH-MS acquisition and analysis
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Example of TOF MS parameters for TripleTOF MS instruments
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Example of typical processing settings for SWATH analysis using PeakView software
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Schematic for exporting SWATH results from PeakView software
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