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Abstract

Selected reaction monitoring (SRM) is an accurate quantitative technique, typically used for
small-molecule mass spectrometry (MS). SRM has emerged as an important technique for targeted
and hypothesis-driven proteomic research, and is becoming the reference method for protein
quantification in complex biological samples. SRM offers high selectivity, a lower limit of
detection and improved reproducibility, compared to conventional shot-gun based tandem MS
(LC-MS/MS) methods. Unlike LC-MS/MS, which requires computationally intensive informatic
post-analysis, SRM requires pre-acquisition bioinformatic analysis to determine proteotypic
peptides and optimal transitions to uniquely identify and to accurately quantitate proteins of
interest. Extensive arrays of bioinformatics software tools, both web-based and stand-alone, have
been published to assist researchers to determine optimal peptides and transition sets. The
transitions are oftentimes selected based on preferred precursor charge state, peptide molecular
weight, hydrophobicity, fragmentation pattern at a given collision energy (CE), and
instrumentation chosen. Validation of the selected transitions for each peptide is critical since
peptide performance varies depending on the mass spectrometer used. In this review, we provide
an overview of open source and commercial bioinformatic tools for analyzing LC-MS data
acquired by SRM.
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1. Introduction to the selected reaction monitoring transition process

Selected reaction monitoring (SRM) is a mass spectrometric technique that has employed
triple-quadrupole instruments (QQQ) since their development primarily for detecting low
amounts of small molecules in a sample [1, 2]. Recently, the technique has been adapted for
quantitative targeted proteomics [3] (for additional reviews see [4, 5, 6]) requiring software
tools for the large volumes of data produced with peptide-based SRM, which is the subject
of this review. In a traditional shot-gun LC-MS/MS experiments, the resultant peptide ion
fragments from collision-induced dissociation (CID) MS/MS spectra are searched against
protein databases using pattern-matching algorithms to assign spectral matches to a given
peptide sequence to identify a protein [7]. For accurate determination of the peptide
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sequence deduced from the often sporadic and incomplete fragmentation profile, additional
statistical analyses must also be performed to determine the accuracy of the match and to
estimate a false discovery rate (FDR) [8]. Other discovery-based LC-MS/MS experiments,
such as label and label-free quantification, also require intensive post data acquisition
analysis involving identification of MS/MS spectra, along with determining the relative
amount of the proteins present in the sample by spectral count or MS1 profile [9, 10]. Unlike
the intensive post data acquisition analysis of discovery-driven LC-MS/MS proteomics
experiments, hypothesis-driven SRM experiments require a comprehensive analysis of the
peptide fragmentation characteristics given the large variation in fragmentation abundance
with QQQ CID. Software tools are available for both pre data acquisition informatics
analysis for optimal transition selections and post data acquisition [10]. Figure 1 summarizes
a typical bioinformatic processing pipeline required for a typical SRM experiment (blue
boxes indicate pre data acquisition processing, green boxes are post data acquisition
processing, and white boxes are additional factors to be considered that are associated with
the processing steps as indicated by a dotted line).

For a successful SRM experiment for a set of proteins of interest, (Fig 1, box 1), one first
selects proteotypic peptides (PTPs) for each protein accounting for the charge state (Fig 1,
box 2) and the optimal collision energy for each peptide (Fig 1, box 3), both being essential
to yield optimal fragment ions. In general, an optimal transition set can be defined as one
that generates a limit of detection (LOD) and limit of quantification (LOQ) calibration curve
to determine reproducible quantification with high sensitivity in the lower femtomole or
upper attomole range by selecting peptide ions that display high efficiency of ionization and
fragmentation. Peptides and their fragment ions are selected using rule-based prediction
models or from observed spectra libraries from similar MS instrument types.

To maximize the number of transitions in a single SRM LC-MS run, a dynamic
SRM experiment is an optimal approach where retention time optimization (Fig 1,
box 3) is a critical factor since the transitions are to be scanned only within a
discrete retention time window derived from either prediction models [11] or
empirical methods [12]. When SRM measurements are composed of both
isotopically labeled (e.g, N15 or C13) and endogenous peptides, the transition list
should account for either heavy or light matched pairs of Q1 (precursor m/z) and
Q3 (fragment my2) for each labeled and endogenous peptide pair. In this case, the
increased number of transitions should be considered when optimizing dynamic
SRM transition lists. Published SRM studies have demonstrated the reproducibility
of optimized transitions for analysis of plasma samples [13] as well as successful
implementation in a large biomarker verification study [14], for example. In
addition to its use in biomarker verification studies, the SRM technique can be used
for general proteomic studies. In a comprehensive SRM-based study of total yeast
lysate tryptic digests to understand central carbon metabolism of yeast, Picotti et al.
demonstrated the ability to quantify proteins in the range of 40 to 1X 10° protein
copies per cell [15].

Software tools (both free and open source) for selecting optimal SRM transitions
have been recently reviewed by Cham et al. [16], and thus are not covered in this
review. Instead, in this article, we survey both publicly available and commercial
software for analyzing SRM data results to address the processes indicated in the
green boxes in Figure 1.

2. Open source tools for SRM post-acquisition analysis

Post-analysis of SRM acquired data has three conceptual analytical modules (Fig 1, boxes
6-8). The first step (Fig 1, box 6) is the extraction of chromatograms from measured data,
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using m/z and retention time with respective tolerances from transition input Q1 m/z, Q3 m/
z, and retention time values. Most of the software tools reviewed have one or more
smoothing algorithms that can be applied to the extracted data. The second step (Fig 1, box
7) is the detection of confidently identified transitions. The third step (Fig 1, box 8) is to
select quantifiable transitions and determine either absolute or relative quantification of each
protein from all the peptides and transitions belonging to the target protein under
investigation. The software programs reviewed in this paper perform one or more of the
processes shown in Figure 1 green boxes in either a fully automated or semi-automated
manner. We use the term “fully automated” for software that does not allow manual
transition verification/quantification adjustment. For analytical platform that provide a rough
estimation of verification/quantification for transition sets, allowing users to reclassify
verification status or quantification value, we annotated the software as “semi-automated”.

Table 1 provides a general overview of open source software tools available for SRM post-
acquisition analysis, along with input formats (Fig 1, box 6). For the identification of the
transitions (Fig 1, box 7), MRMer [17] and Skyline [18] allow users to determine the
acceptance and rejection of transitions by manual selection of transitions and inspection of
each transition. Additionally, both MRMer and Skyline allow users to interactively select
the start and stop retention times of the curve that is used for quantification for a given
transition, and to manually select/unselect verified transitions for a given peptide ion. To
compute accurate error rates, mProphet, a semi-supervised learning algorithm is used for the
identification of target peptides in SRM data in a fully automated manner algorithm [19].
mProphet uses the “decoy transition concept” to maximize the separation of targets and
decoys, thereby improving the confidence of the identifications. This is performed by
selecting and weighting a user-given parameter set in an iterative manner. mQuest [19] and
ATAQS [20] generate parameters for transition properties (e.g., retention time deviation, dot
product of transition intensity between light and heavy) as a preprocessor to mProphet for
the SRM dataset under analysis. A unique feature to ATAQS, provides an interface for the
user not only to select optimum transitions of given peptides, but also to select biologically
relevant proteins using PIPE2 [21].

While mProphet uses all transitions to determine the validation of peptides in the sample,
AuDIT [22] automatically detects imprecise transitions for each peptide using the t-test and
coefficient of variation (CV) between endogenous analyte and internal standard peptide
transitions, if such have been used. mProphet and AuDIT are automated modules that can be
used to generate probability estimates for observed peptides and transition level accuracy.

For inferring protein quantification (Fig 1, box 8), some published SRM measurements of
biological samples have used only one peptide and one transition for protein quantification
by highly optimizing transition selection using limit of detection (LOD) and limit of
quantification (LOQ) data. However, there is still some debate regarding the minimum
number of transitions and peptides necessary per protein [23]. Some SRM measurements
have used 3 to 5 or more transitions and peptide quantifications to estimate changes in
individual protein levels [24]. SRMStat employs user-filtered transitions, and takes the
transition quantification values to infer protein-level abundance changes by comparing the
protein level of quantification among classes of samples (e.g., case vs. control) [25].

3. Commercial tools for SRM post-acquisition analysis

All mass spectrometers offer vendor-specific software tools to analyze SRM data acquired
using their instruments. MultiQuant™ is a software tool from ABSciex for processing SRM
data generated on the QTRAP® LC-MS/MS systems. MultiQuant™ processes the

ABSciex .wiff file formatted LC-MS/MS data to provide quantitative peak information from
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targeted m/z values eluted from a chromatographic column. MultiQuant™ supports relative
and absolute quantitation experiments as well as the use of unlabeled or stable isotope-
labeled internal standards and offers a customizable user interface for data review, which
includes an option to overlay transitions. Acquired peaks can be automatically integrated
using either the default integration values or user-defined integration settings such as
Gaussian smooth width and noise percentage. Peak integration can be manually adjusted and
data queries can be established to shorten the manual peak review process. Using a defined
name convention (e.g. {Protein Name}.{Peptide Sequence}.{Transition}.{Light or Heavy})
in ABSciex’s instrument operation software, Analyst 1.5, enables automatic calculation of
peak area ratios and creation of quantitation methods. MultiQuant™ supports the generation
of standard concentration curves for absolute quantification and provides a statistical
summary, including standard deviation, percent CV and accuracy to evaluate the quality of
the standard concentration curve. For absolute quantification, the software also allows the
removal of outliers and calculates concentration and accuracy of the endogenous biological
analyte. In addition, the software provides an audit trail with electronic signature
functionality. MultiQuant™ has been widely used in a number of different SRM studies [13,
15, 26-32] and also supports processing MIDAS™ (MRM triggered MS/MS) workflow
datasets as well as MRM3 data [33] as well as TOF MS and MRMHR workflows on the
TripleTOF 5600 system.

Thermo Scientific instruments come with Pinpoint™ software that supports the iISRM
workflow on the TSQ line of triple quadrupole mass spectrometers (e.g., TSQ Quantum, and
TSQ Vantage QQQ) and orbitrap LC-MS/MS series (e.g., Q-Exactive) mass spectrometers.
Pinpoint™ allows the user to perform pre-SRM data acquisition assay development as well
as post acquisition data analysis in a stepwise manner, allowing the user to develop and
analyze an experiment within a single software program. The features for data analysis of
Pinpoint™ are similar to those of Skyline, where the transitions are rated, and graphical
plots such as retention time reproducibility and collision energy optimization can be
generated to visualize the data. Pinpoint™ supports .raw file formats and provides a user-
friendly interface for each protein, peptide and transition level of the quantification method.
The user also has the ability to manually validate transitions and peptides and quantify
proteins. Pinpoint™ has been successfully used to study human proteins [35, 36], the yeast
proteome [37] and identify 16 protein biomarkers in urine samples [38].

MassHunter™ Workstation Quantitative and Qualitative Analysis (Agilent Technologies,
Inc) is a commercial program with two separate software platforms for the quantitation and
analysis of SRM data from their 6400 series triple quadrupoles and has been shown to be
successful for human proteomic studies. Domanski et al. analyzed 26 plasma proteins using
both the 6490 QQQ (ifunnel) with MassHunter™ and the 4000 QTrap with MultiQuant™
and provided illustrations of the chromatograms of the individual integrated SRM traces for
all the targeted peptides across a gradient and determined the protein quantitation using the
MassHunter™ Workstation [28]. One of the highlights of the MassHunter™ Workstation’s
Qualitative Analysis is the software’s ability to generate composite MS2 spectra based on
the transitions included in the SRM traces. Table 2 summarizes the commercial software
tools for SRM post-acquisition analysis.

Waters® Corporation offers both QuanLynx™ and TargetLynx™ as post-acquisition
quantitative analysis applications as components within their MassLynx® software suite, and
these applications are able to measure analyte concentrations from SRM, single-ion
recording (SIR), and full-scan acquisition data acquired from a variety of Waters GC/MS
and LC/MS instruments. Pertaining to peptide MRM, TargetLynx™ offers additional
features beyond QuanLynx™ and accepts quantitation methods imported from Waters
Verifye™, a pre-acquisition SRM development software, as well as methods imported from
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Waters Quanpedia™, a database tool that stores chromatography, mass spectral, and
quantitation information. QuanLynx™ software has been used to measure ceruloplasmin in
blood [39], prostate-specific antigen in serum [40], and angiotensin IV in rat brain dialysates
[41], while TargetLynx™ has been used to measure amyloid beta peptides in cerebrospinal
fluid [41] and hydroxyproline-containing peptides in blood [43].

4. Discussion

As a guide to the current availability of software programs for processing SRM data, we
review here the functionality of several open source and commercially available programs.
While all of the software presented here allow for manual integration and validation, some
tools do offer fully automated data analysis modes, using predefined parameters for simple
procedures such as auto detection of the transitions, peak integration, signal-to-noise
calculations, and transition validation. Although successful in performing these routines,
manual correction and validation of transitions is still necessary due to the inherent
limitations of SRM, namely misidentification of peaks and incorporation of contaminating
transitions due to precursor and fragment ion pairs with similar masses. However, many of
these assessments can vary since the interpretations are manual entries and are user-
dependent. There are several publications demonstrating the application of SRM for
proteomics where much of the data analysis was performed through manual inspection as
part of the validation process. This is especially important for those peptides that have low
signal-to-noise. For peptides with low signal-to-noise without alternative peptides, this can
be a difficult task, due to the limited number of data points measured for each transition.
Therefore, the choice of smoothing algorithms can result in significant changes in
quantitation at the peptide and protein level. The start and end of a trace can also pose a
problem if the analyte itself has chromatographic characteristics such as splitting into
multiple peaks. For example, midsized to long peptides can containing one or more proline
residues which can produce more than one 3D confirmation per peptide. This results in the
peptide eluting as multiple peaks from a RP-HPLC column for the same peptide
composition. Such analytes can be avoided in the SRM assay development process for a
given protein by redirecting the processing step indicated as step 9 in Figure 1. However, the
chromatographic behavior of each analyte has to be well understood before manual
integration of the transition trace curve. Another consideration is how many transitions and
peptides ions are needed to infer protein quantification.

Since there is variability with manual inspection and validation, the concepts of qualifier and
quantifier have been introduced. More specifically, several transitions for a given peptide
ion are measured to validate the identification of a peptide, otherwise known as qualifiers.
However, only subsets of the transitions, oftentimes the transition(s) with the highest
intensities, are used for quantification of the peptide, also known as the quantifier. Some of
the quantifications of proteins given in the papers cited here were performed with only one
quantifier transition, and proteins quantified in this manner will not produce accurate CV
values, whereas CVs generated from multiple proteotypic peptides for a given protein will
provide more confidence in protein quantifications (with low CV) or can provide additional
biological insights for proteins of interest (with high CV pattern among the set of peptides)
such as proteolytic variants. Currently, there is limited evidence and only a few rigorous
studies that have defined acceptable values for the number of transitions or the CV
requirement [44]. There are no consensus guidelines regarding the number of transitions,
CV requirement, or validation by SRM technology. However, guidelines do exist for
bioanalytical method validation in small molecule analysis that could be used as a starting
point for the proteomics field [45]. Ludwig et al. presents parameters for estimating absolute
protein quantities in unlabeled samples by SRM using the two most abundant transitions of
the top three ionizing peptides per protein in Leptospira interrogans lysate [46]. Therefore
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careful consideration must be made in selecting the PTPs and fragment ions for any given
protein (boxes 2 and 3, Figure 1).

Moreover, retention time optimization of the peptide ion is also a critical aspect to consider
in SRM assay development (box 2 association, Figure 1). Furthermore, the retention time
window for acquisition, along with choice of a smoothing algorithm, also affects the
transition validation process. Data supplied through a central resource at the ISB through the
SRMAtlas (www.srmatlas.org) will address this issue of providing substantive information
on peptide fragmentation across a broad CE range, accurate retention time, and
chromatographic performance over a wide population of ~200,000 proteotypic peptides.
Another consideration is the potential for use of internal standards, such as stable isotope
labeled peptides, in an experiment where quantitation is desired (association box for box 4,
Figure 1). Internal standards add confidence in scheduled SRM experiments and depending
on the use of labeled peptides or labeled proteins, lower CV’s can be obtained as each
addresses a different level of integration in the assay. Isotopically labeled proteins provide
the greatest control of the SRM experiment and address the issues of digestion, etc., and
they can be incorporated into automated approaches in SRM data analysis, but their use is
limited by both the cost and availability of equivalent protein standards.

5. Concluding remarks and outlook

With the emergence of SRM as the method of choice for quantitating specific targeted
proteins in biological samples, there has been extensive parallel development of software
tools by both commercial instrumental vendors as well as the academic sector to assist
scientists with the post data acquisition end of the pipeline. Thus, there is now a fairly wide
selection of tools available for both the experienced users, as well as those researchers
interested in adopting SRM methods as part of their own research workflow, which we have
outlined and discussed here. However, post acquisition methodologies for automatically
selecting qualifiers and quantifiers, assigning statistical probability to SRM and automation
of SRM data processing remain works in progress. We expect that continued development
of high-throughput and robust SRM assays in parallel with development of software tools to
analyze such high-throughput SRM data will be essential to both proteomics and systems
biology, as they pertain to furthering the goals of measuring responses to specific
perturbations within simple systems such as enzymatic reactions, cells and higher animal
models, and diagnosing and treating human health and disease.
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Figure 1.
Overall bioinformatic processing steps in SRM-based proteomics studies.

Optimization of collision energy
for any given peptide

1. Optimize and maximize transition
list for each LC-MS run

2.Use of internal standard peptides

3.Number of technical or biological
replicates for confident protein

Proteomics. Author manuscript; available in PMC 2013 December 09.




Page 11

Brusniak et al.

parewone Aliny

papewoye Aliny

patewome Ajiny

pawwoe Ajiny

parewoe-iwss

Jenven

uonewony

¥

¥

#1

abenbue) aremjos

EN

ewselg

Juy Lianys 1peoiq My

63U osysdny iy

xnuy WA SMopuI swopu
A EN EN (s aibus) on
Iz Iz

oad

aupedy) a2inos uado,

asuaor

ydoidu

3sandHw

Llrany
usenedausn ;°F

aulAys

BSINAIN

NIH-PA Author Manuscript

NIH-PA Author Manuscript

"uonISINbOY 150d INYS 404 S[00L 824n0S UadQ JO MBIAIBAQ [€JBU3D)

T alqel

NIH-PA Author Manuscript

Proteomics. Author manuscript; available in PMC 2013 December 09.


http://proteomics.fhcrc.org/CPL/MRMer.html
https://skyline.gs.washington.edu/labkey/project/home/software/Skyline/begin.view
http://www.broadinstitute.org/cancer/software/genepattern/modules/AuDIT.html
http://tools.proteomecenter.org/ATAQS/ATAQS.html
http://www.mprophet.org/
http://www.stat.purdue.edu/~ovitek/Software.html

Page 12

Brusniak et al.

patewone Ajin

patewoIne-1usas patewoIne-1us patewoIne-1usas uonewony
painbay

JuaLRInseay
apndad

N oN oN oN prEpUEI Jausaiul
1seak aul 1180 vewnH

450 'WNI3S 'PO0IQ UBwINH ewseld UBWNH 2UpN U BwISeld UeLNH ISeaA 'SUEbald D suoneolddy

aiemyos

vOTETS=PIOAUY soge iy uepwor e woysmmwdny | zsTTT=pi Lvb8121=phonposd dny | oremyos- xorosqemwwydny | 1o Joded aouaiajoy
a1 o ausqem
auofe-pueis auofe-pueis auofe-puess auofe-pueis 10 Jadled 30Ua1343y
smopuIm smopui smopuIm smopuIM warsi Bunesado
oA YN YN YN a1t Indu B
a1l A0 190X3 HOSORIN
52 cgySAIeuy Ul pavioduun (uewainseau
eep
Juawini)
Kuowaup mes p e £q pareaio) sall yw
[erossWwWOD JerJawod ersawwod Jersawwod asuzor]
i XUATIaBIR ) wu JOIUNHSSEN wutodug W UENONINN aweN

Proteomics. Author manuscript; available in PMC 2013 December 09.

"uonIsINboy 150d NS 10J S|001 94/eMIJOS [RIZISWILOD JO MBIAIBAQ [eJauss)
Z @lgelL
NIH-PA Author Manuscript

NIH-PA Author Manuscript NIH-PA Author Manuscript


http://www.absciex.com/Products/Software/MultiQuant-Software
http://www.thermoscientific.com/ecomm/servlet/productsdetail?productId=12784473&&storeId=11152
http://www.chem.agilent.com/en-US/products/software/chromatography/ms/masshunterworkstation/Pages/default.aspx
http://www.waters.com/waters/nav.htm?cid=513164

