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detection of proteins
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Traditional shotgun proteomics used to detect a mixture of hundreds to thousands of proteins
through mass spectrometric analysis, has been the standard approach in research to profile
protein content in a biological sample which could lead to the discovery of new (and all) pro-
tein candidates with diagnostic, prognostic, and therapeutic values. In practice, this approach
requires significant resources and time, and does not necessarily represent the goal of the
researcher who would rather study a subset of such discovered proteins (including their varia-
tions or posttranslational modifications) under different biological conditions. In this context,
targeted proteomics is playing an increasingly important role in the accurate measurement
of protein targets in biological samples in the hope of elucidating the molecular mechanism
of cellular function via the understanding of intricate protein networks and pathways. One
such (targeted) approach, selected reaction monitoring (or multiple reaction monitoring) mass
spectrometry (MRM-MS), offers the capability of measuring multiple proteins with higher sen-
sitivity and throughput than shotgun proteomics. Developing and validating MRM-MS-based
assays, however, is an extensive and iterative process, requiring a coordinated and collaborative
effort by the scientific community through the sharing of publicly accessible data and datasets,
bioinformatic tools, standard operating procedures, and well characterized reagents.
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1 Introduction

The development of modern proteomic technologies has
exploded exponentially to accommodate the growing de-
mand for biological and clinical research over the last 15–
20 years due to their ability to profile a large number of
proteins in a relatively high-throughput fashion [1–8]. Such
approaches, including mass spectrometry (MS), protein and
affinity-based arrays, and bead-based multiplex flow cytom-
etry, are powerful tools for identifying and quantifying pro-
teins and their variations, as well as posttranslational modifi-
cations (PTMs) in biological materials in a nontargeted man-
ner. With additional sample preparation, including the de-
pletion of highly and moderately abundant proteins from
complex biological matrices such as plasma or serum or

Colour online: See the article online to view Figs. 1 and 2 in colour.

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



1094 E. S. Boja and H. Rodriguez Proteomics 2012, 12, 1093–1110

multi-dimensional chromatographic fractionation coupled
with MS, these technologies have further enabled the de-
tection of low-abundance proteins [9, 10]. The goal of these
types of “survey”- and “inventory”-based studies is to detect as
many proteins and their modifications as possible, providing
a broad coverage of the protein content in a particular biolog-
ical system. Indeed, these technological advances have been
successfully used to discover unique proteins associated with
diseases such as cancer [11–14].

Biomarker research is one of the most exciting areas to ap-
ply proteomics where distinct protein/peptide biosignatures
in clinical specimens such as tissue, proximal fluids, and
blood have been discovered as potential clinical tools for di-
agnosis, prognosis, and therapeutic prediction of the disease
of interest. For example, there are approximately >1261 pro-
tein biomarker candidates for cancer alone in the scientific
literature [15]. However, few of them have reached a high
threshold of evidence to be qualified as clinical biomarkers,
as demonstrated by the stagnant rate of approval of protein
biomarkers for all diseases by the Food and Drug Adminis-
tration (FDA) averaging 1.5 proteins per year over the last 15
years [16], while assays for at least 96 analytes have been
developed and used as laboratory-developed tests (LDTs).
Furthermore, discovering disease-relevant biomarkers in
biospecimens such as serum and plasma remains extremely
daunting. This is due to the fact that the concentration ranges
of current clinically used biomarkers (e.g. for cancer) are at
and below the eighth order of magnitude in this desirable
sample source spanning 11 orders of magnitude in dynamic
range, which still presents huge analytical challenges for the
research community in spite of recent technical advances.
Concomitantly, there is a lack of analytical validation of a
platform(s) for the precise and accurate measurements of
“discovered” analytes in a smaller set of clinical samples prior
to conducting costly and time-consuming large-scale clinical
trials. In this regard, targeted proteomic technologies such
as multiplexed MS, protein arrays, and various derivations of
enzyme-linked immunosorbent assays (ELISAs) can fill this
“middle” space by (i) confirming the observed differences re-
flecting changes in protein abundances or PTMs from initial
exploratory experiments in a larger set of samples with sta-
tistical rigor, and (ii) providing quantitative measurement of
protein/peptide candidates in a biological matrix of interest
with greater accuracy and higher throughput. Stable isotope
dilution (SID) multiple reaction monitoring MS (SID-MRM-
MS) has quickly emerged as one of the powerful targeted
proteomic tools in the past few years. It has the advantage of
accurately calculating protein concentrations in a multiplexed
and high-throughput manner, while potentially overcoming
many of the difficulties associated with antibody-based pro-
tein quantification [17].

Herein, this review intends to provide a thorough descrip-
tion of this targeted MS technology and the challenges faced
in the technical aspects of quantitative MS especially on its
application for biomarker verification and validation. In light
of the recent advances in functional proteomics and systems

biology, as well as proteomics becoming increasingly quanti-
tative, pathway mapping and modeling requiring knowledge
of flux through individual steps in the pathway becomes criti-
cally important in the understanding of cellular processes, in-
cluding cellular constituents and their quantities, dynamics,
and interactions. Hence, this manuscript will highlight the
unique capability of this targeted technology for the accurate
quantitation of PTMs and functional subproteomes as well as
protein isoforms and variations in order to go beyond the as-
sessment of protein abundances alone. When combined with
changes in protein abundances, fluctuations in the functional
components of the cell will provide additional insights into
the underlying molecular mechanisms of diseases such as
cancer.

2 Targeted proteomics: MRM-MS

2.1 Principles of MRM-MS on triple quadrupole

mass spectrometer (QQQ-MS)

MRM-MS is a targeted quantitative technology commonly
performed on QQQ-MS that generates unique fragment ions
associated with their corresponding precursor ions that can
be quantified in a very complex matrix. Specifically, the MRM
technique relies on selecting precursor-product ion pairs, or
transitions. The first quadrupole (Q1) of a QQQ-MS is set to
allow only a particular precursor (parent) peptide ion into the
second quadrupole (Q2), where collisionally induced disso-
ciation (CID) yields fragment (daughter) ions (MS/MS spec-
trum). A signature fragment ion of particular mass-to-charge
ratio (m/z) or several fragment ions called signature transi-
tions (usually with high intensity in the MS/MS spectrum) is
then allowed into the third quadrupole (Q3) and subsequently
measured by the MS detector. Finally, the quantitation of
peptides (and thus proteins when assembled) is achieved by
measuring the intensity of the fragment ions as previously
illustrated [18].

2.2 SID-MRM-MS analysis for proteins

Although the use of MRM-MS to quantify biomolecules (e.g.
drugs and metabolites) [19] was widely adopted in research
and clinical laboratories, as well as the pharmaceutical indus-
try (hormones, drugs, metabolites) many years ago, it only
has been recently applied, in combination with SID-MS, to
quantify peptides and proteins. Protein-based SID-MRM-MS
assays are based upon the measurement of signature proteo-
typic (i.e. tryptic) peptides as surrogates that uniquely and
stoichiometrically represent the protein candidates of inter-
est for quantitation [20–22]. MRM-based assay development
usually starts with a selection of three to five peptides per
protein [23] to improve the specificity of the quantitative
measurement for targeted analytes. Additionally, synthetic
stable isotope-labeled versions of each peptide (or heavy
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peptides) of known quantities, usually at the carboxyl-
terminal lysine or arginine residues, are used as internal stan-
dard peptides (i.e. stable isotope-labeled internal standards or
SIS, such as absolute quantification (AQUA) peptides) [22].
These SISs, chemically identical to their endogenous ana-
lyte peptide counterparts with the exception of their masses
(usually 6–10 Da more), will co-elute with their endogenous
counterparts during chromatographic separation. For accu-
rate quantitation, specific fragment ion signals (peak heights
or areas) derived from the endogenous unlabeled species are
compared to those from the spike-in exogenously isotope-
labeled peptides. Specifically, the ratios of peak areas under
the monitored fragment ions of native (light) to that of a
known amount of SIS (heavy) peptides are measured to cal-
culate the concentration of that protein [21–23]. As expected,
the specificity of such quantitative measurements improves
as the number of monitored proteotypic peptides correspond-
ing to a protein and the number of transitions for each
peptide selected for monitoring increase [24]. More advan-
tageously, when MRM-MS is coupled with SIS, the presence
of SIS can calculate more accurate ratios with high sensitiv-
ity (∼attomole) and across a wide dynamic range. Addition-
ally, ion suppression and matrix effects as often encountered
in MS-based proteomics are less problematic than label-free
methods because the chemically identical internal standards
and the endogenous forms are expected to be suppressed to
the same extent. If no endogenous (unlabeled) signal is de-
tected in the sample while there is an SIS signal present,
one can be assured that the concentration of a peptide in the
sample is below the detection limit of the instrument, con-
firming its proper functioning. In the case of an experiment
entailing multiple treatments or conditions, the use of SIS
can ensure that all of the treatments to the sample can be ad-
equately compared with each other and control. However, the
amount of SIS added depends on the protein’s individual rel-
ative abundances within a sample and thus should be tested
in a preliminary study, during which the amount of spike-in
should be optimized to obtain low coefficients of variations
(CVs) (5–10%). Along with high sensitivity and precision,
this technique is ideal for sensitive and specific quantitation
in a multiplex fashion (i.e. allowing many precursor/product
ion pairs to be monitored in a single liquid chromatography-
MS/MS [LC-MS/MS] run and increasing throughput), mak-
ing it attractive for translational and clinical research [25–27].

2.3 MRM-MS assay development and available

resources

Although developing and validating MRM-MS assays is a la-
borious process, once generated for a particular protein, this
assay can be deployed and adopted across laboratories for the
accurate quantification of that protein. Typical steps involved
in the workflow of an MRM-MS protein assay on a large-scale
include: (i) selection of surrogate or signature peptides diag-
nostic for each protein; (ii) protein extraction from biological

matrices such as tissue or blood; (iii) proteolytic digestion of
proteins (usually with trypsin); (iv) iterative testing of syn-
thetic peptides and transitions by LC-MRM-MS (endogenous
unlabeled and heavy isotopically labeled SIS); (v) assay val-
idation on biological samples (analytically); and (vi) testing
standard operating procedures (SOPs) and method documen-
tation important for the reproducibility of measurements.

Bioinformatic support for such endeavor is undoubtedly
critical in the customized planning of assay configuration
and data analysis on target analytes. Therefore, we have
summarized some publicly available software/algorithms
and peptide/protein databases useful for successfully con-
figuring MRM-MS-based assays in Table 1 . While current
approaches to assess consistent peptide detection for step
(i) are based upon initial discovery experimental observa-
tions from individual laboratories compiled in proteomic
data repositories, which include PeptideAtlas [28], Global
Proteome Machine (GPM) Proteomics Database [29], and
PRIDE [30], in situations where experimental data are unavail-
able, e.g. low-abundant proteins poorly represented in data
repositories, computational approaches to predict the best
“MS-performing peptides” are usually adopted. Examples of
several tools that have been published include ESP predic-
tor [31], PeptideSieve [32], and PepFly [33]. Since MRM-MS
sensitivity on QQQ-MS/MS is critically dependent on ioniza-
tion conditions and tuning of instrument parameters, such
as collision energy [34, 35] and cone voltage, for the genera-
tion of maximal product ion signal, having reference spectral
fragmentation libraries of proteotypic peptides (with infor-
mation on instrument parameters used) would be extremely
useful for the proteomics community in MRM-MS assay de-
velopment. An additional dimension of information that can
be added to the library is chromatographic retention time.
This can enable the scheduling of MRM-MS scans on target
analytes based on their distinct retention time, which could
ensure more accurate quantification on the desired ions when
background interferences are significant (e.g. matrix effects
from complex biological samples such as blood and urine).
For example, Spicer et al. have developed a sequence-specific
model for predicting slopes in the fundamental equation of
linear solvent strength theory for the reversed-phase HPLC
separation of tryptic peptides detected in a typical bottom-
up proteomics experiment [36]. Retention time information,
however, would require precise system stability of LC pumps
and columns, putting high demands on the quality control
(QC) aspects of LC systems and factors which affect LC per-
formance such as column heater set-up (data not shown). In
this regard, chip-based nano LC systems with microfluidic
design advantages [37].

Currently, MRMer [38] and Skyline [39] are the most
commonly used open source software for developing MRM-
MS-based assays by the proteomics community. MRMer,
developed for managing highly complex MRM-MS experi-
ments, including quantitative analyses using heavy/light iso-
topic peptide pairs, and has the capability of importing data
in a platform-independent mzXML format, which allows
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Table 1. A list of bioinformatic tools for designing MRM-MS assays

Bioinformatic tools Sources Utilities

Global Proteome Machine
(GPM) [29]

http://www.thegpm.org • Serving as a multi-organism, publicly accessible data
repository.

• Including posttranslational modification data from
different organisms including Caenorhabditis elegans,
etc.

PeptideAtlas [28] http://www.peptideatlas.org • Serving as a multi-organism, publicly accessible
compilation of peptides identified in a large set of
tandem MS-based proteomic experiments.

• Collecting MS output files for human, mouse, yeast,
and several other organisms, and searching using the
latest search engines and protein sequences.

. • Processing all results of sequence and spectral library
searching subsequently through the Trans-proteomic
Pipeline (TPP) to derive a probability of correct
identification for all results to ensure a high-quality
database (FDRs at the whole atlas level).

• Querying and browsing results at the PeptideAtlas
website; downloading raw data, search results, and full
builds for other uses.

Proteomics IDEntifications
(PRIDE) [30]

http://www.ebi.ac.uk/pride • Serving as a centralized, standards compliant, public
data repository for proteomics data.

• Capturing details of PTMs coordinated relative to the
peptides in which they have been found.

• Serving as a compendium of targeted proteomic
assays to detect and quantify proteins in complex
proteome digests by MS.

• Resulting from high-quality measurements of natural
and synthetic peptides conducted on a QQQ-MS.

• Intended as a resource for SRM/MRM-based workflows
SRMAtlas [40] http://www.srmatlas.org • Querying transitions from yeast, human, and mouse by

users (the yeast library is based on both natural
samples and synthetic peptides run on a 4000 QTRAP
instrument, supplemented with ion-trap observations
and predictions, where QQQ spectra are unavailable).

ESP predictor [31] http://www.broadinstitute.org/
cancer/software/genepattern/
modules/ESPPredictor.html

• Implementing the enhanced signature peptide (ESP)
predictor method.

• Providing a means of predicting, from sequence alone,
which peptides for any given protein are likely to work
for MRM-MS assay development.

PeptideSieve [32] http://tools.proteomecenter.org/
software.php

• Predicting proteotypic propensity of a peptide based on
its physicochemical properties.

• Improving protein identification scoring functions of
database search software, providing a panel of
reagents for protein quantification, as well as the
annotation of genomes for coding sequences.

• Guiding peptide selection in targeted proteomic
experiments.

PepFly [33] Mallick, et al. • Predicting peptides potentially observable for a given
set of experimental, instrumental, and analytical
conditions for 2D-LC-MS/MS datasets.

MRMer [38] http://proteomics.fhcrc.org/
CPL/MRMer.html

• Reading mzXML files and inferring precursor
ion/product-ion relationships.

• Displaying elution curves of product ions and allowing
users to select or deselect them as candidates for
MRM-based assays; also elution curves of precursor
ions when MS1 scans are present in the mzXML file.

• MRMer’s calculations output to a tab-delimited file.
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Table 1. Continued

Bioinformatic tools Sources Utilities

Skyline [39] http://https://brendanx-uw1.
gs.washington.edu/labkey/
project/home/software/Skyline/
begin.view

• Building SRM/MRM methods and analyzing the
resulting MS data.

• Employing cutting-edge technologies for creating and
iteratively refining SRM methods for large-scale
proteomic studies.

Automated detection of
inaccurate and imprecise
transitions (AuDIT) [43]

http://www.broadinstitute.org/
cancer/software/genepattern/
modules/AuDIT.html

• Comparing the relative product ion intensities of the
analyte peptide to those of the internal peptide
standard (SIS) and using a t-test with a p-value
threshold to determine if they are significantly
different.

• Calculating CVs from the ratio of analyte and SIS peak
areas from sample replicates.

• Flagging transitions with excessive variation as being
unsuitable.

Automated and targeted
analysis with quantitative
SRM (ATAQS) [41]

http://tools.proteomecenter.org/
ATAQS/ATAQS.html

• Providing a high-throughput tool for organizing,
generating, and verifying transition lists, and for the
postacquisition analysis and dissemination of the data
generated from applying the transition lists to studies
of biological samples.

• Using information from publicly accessible databases
for the optimization of the protein and peptide target
lists and for the optimization of a transition set.

data extraction, visualization, and analysis. When combined
with MRMer, high-throughput quantitative studies of many
samples can be easily accomplished, allowing expanded
biomarker target monitoring for a large number of clinical
samples. Skyline, developed by MacCoss’s group in a format
integratable with all major instrument platforms, has been
successfully used to design MRM-MS assays and support
data analysis including SIS (freely downloadable from
https://brendanx-uw1.gs.washington.edu/labkey/project/
home/software/Skyline/begin.view) [39]. By supporting all
major publicly available spectral libraries from the GPM,
National Institute of Standards and Technology (NIST), the
Institute for Systems Biology, and the MacCoss Lab (links
to these repositories are available on the Skyline web site), a
library file from one of these sources can first be downloaded
and inspected with the Skyline Spectral Library Explorer,
after which it can be used to help choose peptide precursor
and product ions to monitor specific proteins of interest.
The data generated from a single Skyline-directed MRM
analysis, for example, allows researchers to maximize the
sensitivity and duty cycle by identifying the two to three
best transitions and the proper retention time window for
scheduled monitoring of each peptide. Skyline also provides
platform-dependent collision energy predictions for major
instrument manufacturers of QQQ-MS, which recently
showed similar performance to that derived empirically [34].

SRMAtlas, a pioneering database of targeted proteomic
assays to detect and quantify proteins in complex pro-
teomes by this targeted mass spectrometric approach
(http://www.mrmatlas.org), serves as a rich resource for the
proteomics community applying this technology in research.
The information in this database results from MRM-MS mea-

surements of natural and synthetic peptides performed on a
QQQ-MS [40]. Currently, this database allows users to query
transitions from peptides from yeast, human, and mouse
species obtained from QQQ-MS instruments, supplemented
with ion trap (IT) observations and predictions where QQQ
spectra are unavailable. Furthermore, the optimal coordinates
for building an SRM assay can be easily uploaded to the MRM
methods of a QQQ-MS instrument, which can be used to
quantify a set of target proteins in any biological sample of
interest in a high-throughput manner. This database is cur-
rently being expanded to include QQQ observations of 7000
human glycopeptides and 100 000 peptides from 19 000 pro-
teins (i.e. ∼95% proteome coverage).

More recently, Brusniak et al. introduced an open source
software pipeline called ATAQS (Automated and Targeted
Analysis with Quantitative SRM). This software suite con-
sists of several modules that collectively support MRM as-
say development workflow (http://tools.proteomecenter.org/
ATAQS/ATAQS.html) [41]. ATAQS provides a flexible
pipeline for researchers by allowing the workflow to start or
end at any point of the pipeline, and for computational biolo-
gists, by enabling their own algorithm plug-in or connection.
This integrated system is expected to significantly facilitate
the application of targeted proteomic technologies and con-
tribute to the generation of highly sensitive, reproducible,
and complete datasets important for the discovery and verifi-
cation of targets. In combination with mProphet, a software
tool to compute accurate error rates for the identification of
targeted peptides in SRM datasets in a fully automated fash-
ion [42], these tools can maximize specificity and sensitivity
by combining relevant features in the data into a statistical
model.
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In reality, neither experimental or in silico approach is
sufficient to define an optimal peptide set for a target pro-
tein, supporting the practice of selecting multiple peptides
across the full-length sequence of a protein as a multiplexed
measurement, unless the purpose of the assay is to quan-
tify specific modified peptides and/or variants of a protein.
Additional factors such as inaccurate and imprecise tran-
sitions encountered in peptide quantification by MRM-MS
could further complicate assay development. Consequently,
an algorithm called Automated Detection of Inaccurate and
Imprecise Transitions (AuDIT) has been developed that can
automatically identify inaccurate transition data based on
the observation of interfering signal or inconsistent recov-
ery among replicates [43]. This algorithm is designed to ob-
jectively evaluate MRM-MS data by comparing the relative
product ion intensities of the analyte peptide to those of the
SIS peptides, followed by a t-test to determine any signifi-
cant difference. Subsequently, a CV is calculated from the
ratio of the analyte peak area to the SIS peak area from the
replicates. The algorithm has already demonstrated the ca-
pability of identifying problematic transitions and achieving
accuracies of 94–100% for the correct identification of errant
transitions.

2.4 MRM-MS applications for biomarker verification

MRM-MS analysis as an attractive quantitative method of
measurement with multiplexing capability has been increas-
ingly applied for biomarker verification [44–48]. For instance,
in order to improve the fecal occult blood test currently used
as the first-line method for colorectal cancer (CRC) screening
with the disadvantages of low sensitivity and specificity, an
initial discovery in human fecal samples from CRC patients
yielded a library of 108 human fecal proteins. Forty nonre-
dundant target proteins were selected and tested using multi-
plexed MRM screening in the fecal samples from eight CRC
patients and seven normal volunteers [44]. It was found that
24 target proteins were consistently detected in all samples
and nine proteins were detected only in CRC patients, show-
ing the potential of this approach for the analysis of potential
CRC biomarkers [44]. Another study focused on measuring
levels of six proteins of clinical relevance to cardiac injury in
six patient plasma samples undergoing alcohol septal ablation
for hypertrophic obstructive cardiomyopathy [45]. These stud-
ies have demonstrated the high-throughput and multiplexing
capability of this approach for protein biomarker verification
in a highly complex sample matrix with reproducibility and a
dynamic range greater than 104.

Recently, the network investigators of the National Can-
cer Institute (NCI) Clinical Proteomic Technologies for Can-
cer initiative developed a more refined analytical workflow to
meet the needs of filling a void in current biomarker devel-
opment pipeline [18, 49]. Specifically, an intermediary step
termed “verification” that relies on targeted quantitative pro-
teomics such as MRM-MS has been incorporated between

discovery and clinical validation steps in protein biomarker
research [18]. While global analysis of proteomes in biospec-
imens from or close to the tumor site, likely enriched for the
target proteins, is an important first step to define the pro-
tein content in a biological system as it can provide a clue on
the differences between normal (control) and diseased states
(e.g. cancer), “verification” streamlines the entire proteomics
pipeline by winnowing large lists of “discovered” protein
targets by measuring their presence in blood (or proximal flu-
ids) using targeted quantitative approaches in a larger cohort
set. Thus, verification serves as a triage filter, ensuring that
only the most credible protein candidates can move forward
to clinical validation studies. Using this pipeline, several early
biomarkers of cardiac injury from the blood of patients un-
dergoing a therapeutic, planned myocardial infarction (PMI)
for treatment of hypertrophic cardiomyopathy have been an-
alytically verified [49].

2.5 Methods for increasing the sensitivity of

MRM-MS assays

Blood, as a rich source of potential biomarkers, has an ex-
traordinary dynamic range of >10 orders of magnitude of
protein concentration [50]. Although MRM-MS alone pro-
vides biomarker verification down to 100–1000 ng/mL range,
many biomarkers of current clinical importance, such as
prostate-specific antigen (PSA), carcinoembryonic antigen
(CEA), and the troponins (Tns), are present in the mid pg/mL
to low ng/mL range in plasma below the lower limit of de-
tection of a QQQ-MS. To use MRM-MS assays in the clinic
for the measurement of protein biomarkers, this technology
has yet to improve its sensitivity for detection and quanti-
tation. Several approaches have been developed in this di-
rection, one of which has demonstrated that a combination
of abundant protein depletion (such as antibody-based de-
pletion columns) with minimal fractionation of tryptic pep-
tides by strong cation exchange (SCX) prior to SID-MRM-MS
provides limit of quantification (LOQ) signal-to-noise ratios
of >10 in the 1–20 ng/mL range with CVs of 10–20% at
the LOQs for proteins in plasma [23]. An example of this
is the development of assays for a number of known mark-
ers of cardiovascular disease [51], providing additional proof
of the power of MRM-MS approaches for measuring pro-
teins for which antibodies are unavailable or of low qual-
ity. Hossain et al. adopted a different approach of improv-
ing MRM-MS sensitivity by increasing ion transmission effi-
ciency using a nanospray ionization multicapillary inlet/dual
electrodynamic ion funnel interface in front of a commer-
cial QQQ-MS [52]. As a result, significant enhancements in
overall signal intensities and improved LOD were observed
with the new interface compared with the original inter-
face for MRM measurements of tryptic peptides from pro-
teins spiked into nondepleted mouse plasma over a range
of concentrations (average MRM peak intensity increase by
>70-fold). One would expect that abundant protein depletion
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strategy combined with instrument modification could fur-
ther improve the LOD/LOQ of MRM measurements.

Although current MRM-MS technology has the ability to
detect and quantify proteins in the low �g/mL to high ng/mL
range, a MRM3 strategy has recently demonstrated the im-
provement of the LOQ [53]. This strategy takes advantage of
the capability of a hybrid QQQ-MS/linear IT (LIT) mass spec-
trometer to further fragment the product ions monitored in
Q3. In this case, precursor ions are still selected in the Q1
quadrupole, fragmented in the Q2 collision cell, and product
ions are collected in the LIT. A suitable product ion is isolated
and fragmented in a second step using resonance excitation,
following which second-generation product ions are collected
and scanned out of the LIT to the detector. The area under
the peak is used for quantitation in the same way as MRM.
This technique has been applied to a number of biological
samples that demonstrated three to five times improved LOQ
using MRM3 analysis over MRM through removal of inter-
ferences with a final LOD of approximately 10 ng/mL when
quantifying proteins in plasma. The standard concentration
curves were linear over the three orders of dynamic range
tested [53].

Stable Isotope Standards and Capture by Anti-Peptide An-
tibodies (SISCAPA) is an alternative approach developed to
significantly increase the sensitivity of detection and quan-
titation of proteins in plasma by target peptide enrichment
[54] and has previously been deployed in a clinical setting
[55]. In this approach, anti-peptide antibodies are generated
against the selected signature “tryptic” peptides from target
proteins. If stable isotope-labeled recombinant protein stan-
dard is available (labeled as red asterisk), it should be added to
the plasma (or other biological matrices) in the beginning of
the assay workflow to control for proteolytic efficiency (Fig. 1,
top). Following the digestion of the biospecimens and addi-
tion of known amounts of SIS (labeled as green asterisk), both
exogenously (spike-in) and endogenous peptides are specifi-
cally enriched and their relative amounts are quantitated by
MRM-MS. In this case, instead of a secondary antibody for
visualization and quantitation, an MS detector provides quan-
titation through peak areas for targeted m/z values. Recent
studies suggested that more than a 1000-fold enrichment can
be achieved for plasma-digested peptides using this approach
[56] and that SISCAPA assays can achieve low ng/mL LOQs
in plasma with CVs <20% [52]. Once generated, these affin-
ity reagents can provide enough material for hundreds to
thousands of SISCAPA assays. Additionally, the coupling of
SISCAPA to magnetic bead-handling robotics during assay
workflow can significantly improve throughput and repro-
ducibility [57, 58]. In summary, QQQ-MS coupled with up-
stream immunoaffinity enrichment of target peptides provide
greater sensitivity, wider dynamic range quantitation, and de-
tailed sequence-based characterization of multiple peptides
digested from several proteins (unlike the lower specificity
optical or electrochemical signals generated as surrogates for
the analytes in conventional immunoassay) [59], which allows
for simultaneous measurement and characterization of many

targeted analytes. This approach improves protein assay de-
velopment by: (i) allowing multiplexed measurement of pep-
tides without significant interference; (ii) including analyte-
identical internal standards of same structure (with different
m/z) to control all aspects of the assay workflow except for
digestion, which could otherwise be rectified by additional
protein internal standards; (iii) resulting in reduced sam-
ple handling, high sensitivity, and wide dynamic range; and
(iv) allowing site-specific quantitation of posttranslationally
modified peptides (e.g. phosphopeptides [60], glycopeptides
[61]) as important biomarker candidates. These advantages
constitute a step forward in assay QC, potentially shifting
some of the performance and reliability burden from techni-
cal standardization of reagents and instruments to real-time
observation, and evaluation of the analytes themselves. Al-
ternatively, intact protein targets from biospecimens, along
with their recombinant heavy isotope-labeled internal protein
standards, such as Protein Standard Absolute Quantification
(PSAQ) approach [62, 63], if available (labeled as red aster-
isk), can both be immunoprecipitated with antibodies prior
to proteolysis and SID-MRM-MS (Fig. 1, bottom). As shown
in this schematic, several heavy-labeled protein and/or pep-
tide standards are included at each step of the assay workflow
to assess the efficiency of immunoprecipitation at the pro-
tein level (red label) and proteolysis (red/green double labels)
to obtain the most accurate absolute quantitation of targeted
proteins, with a spike-in known amount of target peptide (la-
beled as green asterisk), prior to MRM-MS measurement.
The advantages and caveats of MRM-MS-based assays have
been summarized in Table 2.

While SISCAPA is coupled with LC/MRM-MS,
MALDI/MRM-MS detection is also possible. This al-
ternative approach termed immuno-MALDI (iMALDI),
where beads are directly placed on a MALDI target with
the affinity-bound peptides still attached, utilizes MALDI
matrix solvents to elute the bound peptides from the
beads [64, 65]. The peak height or peak area of the peptide
from an MS spectrum is used for quantitation, while
peptide identities are confirmed with the MS/MS spec-
trum. In principle, iMALDI can be performed with only
a MALDI-MS instrument, but it can also be used in the
“MRM mode on a MALDI-MS/MS instrument” termed
iMALDI+ [66].

3 Standardization and QC
for targeted MS

For targeted MS proteomics technology to be suitable for
use in studies where large numbers of candidate protein
biomarkers and patient samples (i.e. hundreds) must be
rapidly screened – verified, it must be demonstrated that pro-
tein quantification can be achieved reproducibly within and
across laboratories on different instrument platforms. Nu-
merous efforts to standardize proteomic workflows in order to
obtain reproducible results within and between laboratories
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Figure 1. Commonly used MRM-MS-based assay workflows (± immunoaffinity enrichment of proteins or peptides) and its quality control
(QC) procedures. SISCAPA workflow using proteolytic peptides as surrogates for their respective proteins, as illustrated in the top panel of
the schematic, is a sensitive approach to measure protein concentrations using immunoaffinity enrichment of surrogate peptides prior to
MRM-MS. Alternatively, an assay can start with immunoaffinity enrichment of intact target proteins from biospecimens using an internal
heavy isotope-labeled protein standard (red asterisk, such as PSAQ approach) and an antibody, as illustrated in the bottom panel, followed
by proteolysis with an internal standard of the same protein (double-labeled as shown by red/green double asterisks) and final quantitation
of the target protein by peak areas with a spike-in internal peptide standard (green asterisk). An internal standard (either at protein or
peptide level) is included at every step of the assay in order to obtain the “absolute” concentration of the target protein. In both cases,
while the inclusion of an internal heavy isotope-labeled protein standard is desirable, its wide use is dependent upon the availability of
recombinant proteins, and thus is not always feasible.

have been put forth in the past. Although non-MRM-centric,
HUPO performed a test sample study in 2009 to identify
errors leading to irreproducibility [67]. This study involved
the use of an equimolar test sample comprising 20 recom-
binant human proteins, which was distributed to 27 labora-
tories. Each protein contained one or more unique tryptic
peptides of 1250 Da to test for ion selection and sampling in
the mass spectrometer. Of the 27 participating laboratories,
only seven laboratories initially reported all 20 proteins cor-
rectly, while only one laboratory reported all tryptic peptides
of 1250 Da. It was demonstrated that centralized raw data
analyses improved the results by identifying missed iden-
tifications (false negatives), environmental contamination,
database matching, and curation of protein identifications
as sources of problems. Another study from the Association
of Biomolecular Resource Facilities (ABRF) in 2009 centered
on the theme of “Relative Protein Quantification in a Clinical
Matrix-A targeted relative protein quantification study rele-
vant for a biomarker validation project” [68]. This study was
designed to explore the use of different approaches for deter-
mining quantitative differences for several target proteins in

six samples of human plasma that were centrally prepared.
While a wide range of techniques were used including ICAT,
iTRAQ, SRM/MRM with and without SID, lessons learned
from this study include the requirement of careful planning
and expertise for success especially for complex quantitative
proteomic experiments. ABRFs effort to assess individual lab-
oratory’s platforms, methods, and results was one of the first
attempts to address variability in sample preparation and pro-
cessing on different proteomic platforms.

In 2009, the NCI Clinical Proteomic Technologies for Can-
cer initiative network spearheaded a “round robin” study com-
posed of three sub-studies designed to increase the level of
difficulty in sample preparation (i.e. more sources of variabil-
ity) at eight individual sites [69]. Study III represents the most
complicated workflow that simulates a real biomarker dis-
covery and verification study in a laboratory where variables
can be introduced at every step of the experiment. Intralabo-
ratory variability and reproducibility in all three sub-studies
were evaluated by comparing the measured concentrations of
seven target proteins including human C-reactive protein and
PSA to the actual concentrations across the range of spiked-in
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Table 2. A list of MRM-MS-based quantitative assays

Assays Sample acquisition Data analysis Advantages, challenges, and caveats

Absolute
quantification
(AQUA) [22]

• Selection of proteotypic tryptic
peptides to act as quantitation
standards.

• Synthesis of peptides with
incorporated stable isotopes
(13C, 15N, etc.) as internal
standards to mimic native
peptides (AQUA) formed by
proteolysis.

• Spike-in known amounts of
AQUA peptides into samples.

• Proteolysis of samples.
• LC-MRM-MS analysis.

• Peptide identities by confirmation
with MS/MS.

• Method validation by spiking in
varying amounts of a light
(unlabeled) target protein and
constant amounts of heavy
proteotypic peptides for linearity.

• Protein quantitation by calculating
peak areas of product ions from
selected peptides in MS/MS
spectra (SRM) in reference to
those of SISs (known amounts).

• Allowing peptide surrogate marker quantitation
for proteins

• Multiplexing capability
• Compatibility with a wide array of proteins or

modifications of interest.
• Reduced limit of detection and limit of

quantitation in comparison to its immunoaffinity
enrichment version (see SISCAPA and iMALDI
below).

• Incomplete proteolysis affecting accurate
quantitation: even with synthetic peptides, it is
necessary to ensure that the equivalent analyte
peptide is quantitatively released from the
parent protein.

• Higher concentration of endogenous
proteins/peptides complicating the linearity of
concentration curves.

• Discrepancies between two or more peptides
selected for the same protein (e.g. attributed to
PTMs and/or protein miscleavages) complicating
overall quantitation.

Stable isotope
standards and
capture by
anti-peptide
antibodies
(SISCAPA) [54–58]

• Selection of proteotypic tryptic
peptides to act as quantitation
standards.

• Anti-peptide antibodies
produced and purified.

• Known amounts of heavy SISs
spike-in with samples.

• Proteolysis of samples.
• Immunoaffinity enrichment of

proteotypic peptides from
target proteins.

• LC-MRM-MS analysis.

• Peptide identities by confirmation
with MS/MS.

• Establishment of concentration
linearity with varying amounts of
light (unlabeled) peptides and
constant amounts of their
respective heavy SISs, or vice
versa.

• Protein quantitation by peak areas
of product ions of selected
peptides from MS/MS spectra
(SRM) in reference to those of
SISs.

• Allowing peptide surrogate marker quantitation
for proteins with higher sensitivity than AQUA.

• Multiplexing capability.
• Compatibility with a wide array of proteins or

modifications of interest.
• Enriching for target analytes while introducing

additional steps for analyte loss.
• Reduction of analytical variation from automated

sample handling workstation (magnetic beads
for immunoaffinity step, etc.).

• Incomplete proteolysis affecting accurate
quantitation: it is necessary to ensure that the
equivalent analyte peptide is quantitatively
released from the parent protein.

• Endogenous proteins/peptides interfering with
construction of linear concentration curves.

• Discrepancies between two or more peptides
selected for the same protein (e.g. attributed to
PTMs and/or protein miscleavages) complicating
overall quantitation.

iMALDI [64–66] • Selection of proteotypic tryptic
peptides to act as
quantification standards.

• Anti-peptide antibodies
produced and immobilized on
affinity beads.

• Proteolysis of samples.

• Peptide identities by confirmation
with MS/MS.

• Construction of linear
concentration curves with varying
amounts of light (unlabeled)
peptides and constant amounts of
heavy SISs, or vice versa.

• Allowing peptide surrogate marker quantitation
for proteins.

• Multiplexing capability.
• Enriching target analytes while introducing

additional steps for analyte loss.
• Reduction of analytical variation with robotics

from start to finish on MALDI platforms.
• MALDI platforms offering higher throughput than

SISCAPA.
• Known amounts of SISs

spike-in with samples.
• Immunoaffinity enrichment of

proteotypic peptides from
target proteins (both light and
heavy) on beads directly
placed on a MALDI target with
the affinity-bound peptides
attached in a microarray/spot
format.

• MALDI matrix solvent elution
of bound peptides from the
beads.

• MALDI-MS or MS/MS analysis.

• Protein quantitation by peak
heights of precursor ions of target
peptides from MS spectra in
MALDI-MS mode, or from MS/MS
spectra in MALDI-MRM mode
(iMALDI+).

• Incomplete proteolysis affecting accurate
quantitation.

• Endogenous proteins/peptides complicating the
linearity of the concentration curve.

• Discrepancies between two or more peptides
selected for the same protein (e.g. attributed to
PTMs and/or protein miscleavages) complicating
overall quantitation.

QconCAT [72] • Selection of proteotypic tryptic
peptides to act as
quantification standards.

• Protein identification and
confirmation (MS/MS and
database search)

• Allowing the assessment of proteolytic
efficiency and completeness by including
an internal protein standard of a
concatamer.
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Table 2. Continued

Assays Sample acquisition Data analysis Advantages, challenges, and caveats

• QconCAT concatamer
construct design, expression
and purification as internal
protein standards (both light
and heavy).

• Spike-in known amounts of
recombinantly expressed,
isotopically labeled QconCAT
proteins into samples.

• Proteolysis of samples.
• LC-MRM-MS analysis.

• Linear concentration curve
construction with varying
amounts of light (unlabeled)
peptides and constant amounts of
heavy SISs, or vice versa

• Protein quantitation (SRM): peak
areas are used to compare the
ratios of analytes to standards
(following verification of tandem
MS data from one or both of the
heavy/light pairs)

• Labor-intensive design and production of
a QconCAT concatamer including:
◦ Selection of the appropriate proteotypic tryptic

peptides to act as quantification standards
based on the nomination of standard peptides
from the expectation of efficient cleavage from
the analyte protein and high-quality MS
signals.

◦ Incorporation of a restriction site midway
through the construct and translation to a
small linker peptide, and the separation of
different peptides for each of the target
proteins between the two halves, and the
randomization of the order within each half.

◦ Difficulties in expressing and purifying
recombinant proteins in their native
conformations.

• Analyte recovery causing erroneous
measures of quantities prior to proteomic
analysis.

• Confirmation of the complete release of
standard peptides from the concatamer
requiring prior knowledge of kinetics of
release of the peptides from the proteins
required.

• Incomplete proteolysis affecting accurate
quantitation: it is necessary to ensure that
the equivalent analyte peptide is
quantitatively released from the parent
protein.

• Endogenous proteins/peptides interfering
with construction of linear concentration
curves.

• Discrepancies between two or more
peptides for the same protein (e.g.
attributed to PTMs and/or protein
miscleavages) complicating overall
protein quantitation.

Protein standard
accurate
quantification
(PSAQ) [62–63]

• Production and purification of
intact protein standards (both
light and heavy).

• Spike-in known amounts of
recombinant, isotopically
labeled proteins into samples.

• Optional step: immunoaffinity
enrichment using antibodies
for intact proteins.

• Proteolysis of samples with
protein standards.

• LC-MRM-MS analysis.

• Protein identification and
confirmation (MS/MS and
database search).

• Establishing linear concentration
curves with varying amounts of
light (unlabeled) peptides and
constant amounts of heavy SIS,
or vice versa.

• Protein quantitation (SRM): peak
areas are used to compare the
ratios of analytes to standards.

• Preventing differences in digestion yields
between the standard and the analyte.

• Addition of isotope-labeled protein standards to
samples and peptide standards to trypsin
digestion enabling the determination of
recovery efficiency of proteins throughout the
isolation procedure, including capture by the
affinity reagents.

• Compatible with any type of sample
prefractionation provided that the “critical”
biochemical properties involved in the
partitioning process are shared by the
recombinant, e.g. compatible with SDS-PAGE,
protein hydrophobic capture, and
immunocapture.

• Offering the largest sequence coverage available
for quantification (all detectable proteotypic
peptides are considered): isoforms and variants
may also be distinguishable, especially when
immunoaffinity enrichment of intact proteins is
included in sample preparation.

• Constituting the relevant quantification standards
for “top-down” quantification.

• Labor-intensive and costly production of protein
standards with potential difficulties expressing
and purifying recombinant proteins in their
native conformations.

• Discrepancies between two or more peptides for
the same protein (e.g. attributed to PTMs and/or
protein miscleavages) complicating overall
protein quantitation.
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analytes (a total of nine concentration points with LOQ at
2.92 nM, i.e. 73.3 ng/mL for C-reactive protein), and by de-
termining the CVs for these quantitative measurements. The
results showed that the reproducibility and precision of these
quantitative measurements for nine of ten peptides tested
across eight laboratories ranged from 4–14%, 4–13%, and
10–23% interlaboratory CVs at or near the estimated LOQ of
2.92 nM for studies I, II, and III when SOPs were adopted.
Intralaboratory CVs were usually <15% and <25% at the
identical concentration for studies I, II, and III. The progres-
sive increases in CVs from studies I–III clearly indicate that
sample handling contributes more to assay variability than
instrumental variability, further highlighting the high quality
of MRM-MS data. Although the current MRM assay perfor-
mance under real biomarker conditions (study III) is below
that generally stated for clinical assays using ELISAs with
CVs typically <5–10%, the performance achieved here is suf-
ficient for the preclinical verification stage (middle) of candi-
date biomarkers present at more than ∼2–6 �g/mL in plasma
with a linear dynamic range spanning three orders of magni-
tude. Interlaboratory and intralaboratory CVs improved with
increasing analyte concentration in all cases, whether by
spiking in more analytes or by enrichment techniques. Fur-
thermore, analytical variability is expected to improve with
more streamlined sample preparation (such as with robotic
automation), which, in conjunction with software develop-
ment, should reduce labor-intensive workflow, variability be-
tween instrumentation platforms, and the need for high level
of expertise currently required. Currently, the Clinical Pro-
teomic Technologies for Cancer initiative network investi-
gators along with others are undertaking a larger-scale in-
terlaboratory study to assess the reproducibility of SRM as-
says across more laboratories and QQQ-MS instrument plat-
forms than the initial study by spiking in 27 cancer-relevant
biomarker candidates in depleted plasma (data not shown).
SISCAPA interlaboratory studies within the NCI Clinical Pro-
teomic Technologies for Cancer initiative network are cur-
rently underway, using metrics, SOPs, high-quality reagents,
and reference materials against interesting cancer targets.
The inclusion of internal standards (i.e. isotope-labeled pro-
teins/peptides spiked into the biological matrices), whenever
possible, is ideal throughout the rest of an assay workflow
on biological samples to assess the purity, presence of cor-
rect peptide sequence and unexpected modifications, analyte
retention time, and analytical recovery, etc. for the accurate
measurement of proteins.

For SISCAPA, QC of the peptides and antibodies must
be an integral part of the assay development process. Pep-
tide QC can be implemented on an LC-UV-MS/MS system,
together with amino acid analysis (AAA), to determine pep-
tide quantity and purity, to characterize any modifications,
and to obtain full MS/MS spectra [58]. This data can be fully
examined for the presence of correct peptide sequences, the
identification of any impurities, and analyte retention times,
but also be assembled in a spectral library using Skyline,
for example, for MRM method development. Furthermore,

the removal of “passenger peptides” (i.e. free or modified
peptides bound to the polyclonal antibody during antibody
affinity purification) prior to MRM-MS measurement can en-
sure more accurate quantitation of peptides/proteins. This
can be accomplished by “antibody scrubbing” or covalently
linking peptides to resins followed by antibody binding to the
resin and extensive washing [58]. For anti-peptide antibod-
ies, monoclonal antibodies are an attractive alternative since
they provide exquisite specificity, a renewable resource, and
the potential for isolation of clones with very high affinities.
Schoenherr et al. described an automated high-throughput
SISCAPA method making screening of large numbers of hy-
bridomas feasible while conserving time and resources [70].

Another important factor to consider for SISCAPA-type
strategies is the percentage of analytical recovery of peptides
in biological matrices such as human serum or plasma. To
compensate for this loss, a calibration curve made in an ap-
propriate matrix with internal controls and included with
each batch of samples would permit the signal of each pep-
tide in each sample to reflect an actual concentration in a
multiplexed fashion. Furthermore, incomplete digestion due
to the high concentration of matrix proteins likely plays a
major role in the reduced yield of peptides. Proteolytic di-
gestion variability in different samples can further compli-
cate the measurements, while PTMs, single nucleotide poly-
morphisms (SNPs), other protein modifications, and inter-
ferences from other proteins [71] can also potentially affect
quantitation. In both cases, spiking in an exogenous protein
(e.g. PSAQ method), preferably the properly folded, stable
isotope-labeled version of the native protein of interest, to
each sample becomes essential for gauging and normaliz-
ing digestion efficiencies. However, the high cost and exten-
sive efforts associated with the development of high-quality
reagents, including heavy isotope versions of target proteins
and peptides, as well as anti-protein/anti-peptide antibod-
ies, could limit the broad use of these internal standards
for QC purposes. Even if the production of these reagents is
no longer the rate-limiting step, recombinant protein stan-
dards are still imperfect as PTMs affecting trypsin digestion
in the biospecimens under analysis may not be present in the
recombinant protein standards. Alternatively, artificial Qcon-
CAT proteins or concatamers of tryptic peptides for target
proteins has been developed to aid in absolute quantification
of proteins by assessing digestion variations [72]. QConCAT
approach involves the design, expression, labeling, purifica-
tion, characterization of QConCAT concatamer proteins, and
their application steps in protein quantitation. The estimated
total time required to complete the assay process (from the
receipt of the QconCAT expression plasmids to the absolute
quantitation of the set of proteins, together with the QconCAT
proteins in an analyte sample) is approximately 1 month [72].

To expand the efforts of regulatory science in clearing
multiplex protein-based in vitro Diagnostics (IVDs) based on
these newly emerging proteomic platforms, the NCI Clin-
ical Proteomic Technologies for Cancer initiative network
investigators, in collaboration with the FDA and industry,

C© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com



1104 E. S. Boja and H. Rodriguez Proteomics 2012, 12, 1093–1110

jointly published a first-of-its-kind publicly accessible mock
510(k) review document (i.e. PepCa10 test) based on the en-
tire SISCAPA workflow and QC procedures [73]. The goal of
this review document (not intended as a guidance document
published by the FDA) was to provide the research commu-
nity information on what the regulatory agency looks for in a
medical device/assay system analytically and clinically if one
wishes to submit such an assay for FDA clearance/approval
[73]. Previously, such 510(k) documents were only available
to corporations and entities that have formally filed with the
FDA. This work provides a framework for the future cre-
ation of similar open-access regulatory materials that address
a critical need in clinical proteomics.

4 Systems biology using targeted
proteomics

With recent advances in protein-based technologies, it is ex-
pected that clinical proteomics, in the near future, will focus
on developing highly multiplexed and automated technolo-
gies for more accurate quantification of proteins and their
isoforms, as well as differences in PTMs between normal
and diseased states in a statistically robust patient cohort size
(i.e. biospecimens), that incorporates known genomic infor-
mation whenever possible, in order to better understand the
disease at the molecular level.

The completion of the human genome project has pre-
sented a more challenging task for scientists: the characteri-
zation of the complex and dynamic human proteome. Defin-
ing a comprehensive Human Proteome Project (HPP) poses
more challenges due to several factors: (i) potentially a very
large number of proteins with their PTMs involved in cel-
lular function and signaling; (ii) the diversity of proteomic
technology platforms involved (MS, arrays, ELISA, etc.);
(iii) the variety of overlapping biological “units” into which the
proteome might be divided for organized conquest; and (iv)
the sensitivity limitation in detecting proteins present in low
abundances especially in complex biofluids such as plasma
and serum.

To better understand the linkage between proteotype and
phenotype and the underlying molecular mechanisms asso-
ciated with disease phenotype, researchers have to first be
able to measure the target proteins/peptides in a biological
system, for which multiplex MRM-MS assays can accomplish
this task in a timely and cost-effective way. As the sensitiv-
ity, specificity, and reproducibility of this technology have
been established in measuring small molecules and peptides
[74–76], human Proteome Detection and Quantitation project
(hPDQ) based on this approach proposes to build a complete
suite of assays (e.g. two peptides from the protein product of
each of the approximately 20 500 human genes), which would
enable rapid and systematic verification of candidate protein
biomarkers and lay a quantitative foundation for subsequent
efforts to define the larger protein space of splice variants,
PTMs, protein–protein interactions, and tissue localization

[77]. This will enable measurement of the human proteome
that could yield immediately useful results such as answer-
ing basic biological questions about the relationship between
protein abundance (or concentration) and gene expression,
phenotype, disease, and treatment response; while the strat-
egy for a comprehensive HPP is being pursued. As a result,
it is focused on the study of biological variation affecting
protein expression rather than study of structure and mech-
anism, and does not initially directly address splice variants
or most PTMs. It will take time to build a database of SRM
assays for whole proteomes, but we are likely to see rapid
growth in this area which will facilitate high-throughput and
highly sensitive protein detection for a wide variety of exper-
iments. Therefore, public sharing of information on already-
built MRM assays for peptides would be extremely valuable
to the research community to avoid duplicative efforts for
cost-saving purposes.

Currently, large-scale multi-disciplinary cancer-based ge-
nomics initiatives, such as The Cancer Genome Atlas (TCGA)
from the NCI and National Human Genome Research Insti-
tute (NHGRI), and The International Cancer Genome Con-
sortium (ICGC), are advancing the comprehensive charac-
terization of cancer genomes in order to understand cancer
at a DNA and RNA level. As a result, genomic alterations
associated with cancer including copy number aberration,
mutation, microdeletion, and epigenetic dysregulation have
been generated by multi-dimensional datasets and high-level
integrative analysis. As an example, an integrative analysis of
DNA copy number, gene expression, and DNA methylation
aberrations in 206 glioblastomas (GBM), the most common
form of adult brain cancer, revealed the roles of ERBB2, NF1,
and TP53 and frequent mutations of the phosphatidylinositol-
3-OH kinase regulatory subunit gene PIK3R1, as well as pro-
viding a network view of the altered pathways in the devel-
opment of glioblastoma [78]. Another large-scale GBM study
illustrated a robust gene expression based molecular classi-
fication of GBM into Proneural, Neural, Classical, and Mes-
enchymal subtypes, which differs in response to aggressive
therapy, with the greatest benefit in the Classical subtype
and no benefit in the Proneural subtype [79]. This finding
potentially provides a glimpse into the molecular framework
for GBM stratification, and if corroborated and expanded at
the protein level, it would vastly advance our knowledge of
cancer and ultimately improve the practice of medicine for
patients. In fact, Wang et al. recently demonstrated the ca-
pability of targeted MRM-MS approach when coupled with
immunoprecipitation of intact RAS protein isoforms to able
to detect a single point mutation at the peptide level in K-RAS
oncogenes from a cell line, tumor sample, and pancreatic cyst
fluid at sensitivity of <25 fmol/mL, corroborating genomic
data at the protein level [80]. This proof-of-concept proteomics
study has demonstrated the capability of targeted MRM-MS
approaches in accurately detecting and quantitating aberrant
gene products, and will, with further studies, be able to deci-
pher the effect of genomic variations on protein networks in
diseases.
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Figure 2. The systems biology approach for
understanding the mechanisms of diseases at
the molecular level by applying and integrat-
ing “-omics” technologies to gain knowledge
for biology and hopefully generate “biomark-
ers” for clinical practice. This figure con-
veys the message that while protein/peptide
biomarker candidates (the fruit of labor from
extensive discovery efforts) are not always
validated for their intended clinical use in a
large unbiased cohort, they are still valuable in
providing new insights into biology, provided
that biologically relevant biomarkers can be
analytically validated in a statistically appro-
priate number of biospecimens. Albeit not
necessarily translational, the accurate quan-
titation of protein variants and PTMs, along
with genomic information in a systems biol-
ogy manner, is anticipated to generate multi-
dimensional data for the better understanding
of disease biology and pathology, including
signaling pathways, protein network regula-
tion and functional proteomes, etc.

Powered with these rich, multi-dimensional high-quality
genomic data along with other “-omics” information, the next
logical step is to apply a systems biology approach to study
the effect of genomic aberration (as a result of cancer in this
case) on the protein framework in the cell, including the
up- or downregulation of proteins, protein–protein interac-
tion, and dynamic signaling networks modulated in part by
PTMs such as phosphorylation (Fig. 2). Albeit biology does
not alway leads to clinical utility, accurate quantitation of
protein variants and PTMs, along with genomic informa-
tion is expected to generate multi-dimensional data for the
better understanding of disease biology, including signal-
ing pathways, network regulation, functional proteomes (e.g.
phosphoproteomes), etc. This integrative knowledge will also
aid in the development of biomarkers and assays for clinical
use. In fact, an example is the well-known epidermal growth
factor receptor (EGFR) that plays an important role in can-
cer by activating downstream signals important in growth
and survival. Thus, EGFR inhibitors are frequently selected
as viable treatment for cancer including lung cancer in the
clinic. A recent comprehensive study on EGFR phosphoryla-
tion events related to somatic activating mutations and EGFR
inhibitor (erlotinib) sensitivity has been performed using tar-
geted MRM-MS approach [81]. A total of 30 phosphoryla-
tion sites were identified following EGFR immunoprecipita-
tion and LC-MS. Specifically, several phosphorylation sites
related to activating mutations in EGFR and to the sensi-
tivity to erlotinib were identified in 31 lung cancer cell lines,
three of which (pY1092, pY1110, pY1172) correlated with acti-
vating mutations, and three (pY1110, pY1172, pY1197) corre-
lated with erlotinib sensitivity. In addition, Erlotinib-sensitive
phosphosites was confirmed using LC-MRM-MS and quanti-

tative Western blotting. This strategy can thus quantitatively
assess site-specific protein phosphorylation events related to
cancer signaling pathways and identify relationships between
somatic mutations and/or drug sensitivity and these phos-
phorylation events.

Looking ahead, linking the progress made from the past
5 years of the NCI Clinical Proteomic Technologies for Can-
cer initiative at the analytical level to ensure standardization
of clinical proteomic platforms to the ever growing amount
of genomic data (e.g. from TCGA and ICGC) has the poten-
tial to provide a systematic approach for analytically verified
biomarker candidates at the protein level. To this end, NCI re-
cently launched the Clinical Proteomic Tumor Analysis Con-
sortium (CPTAC) based on network-driven, multidisciplinary
science approach (http://proteomics.cancer.gov). Since high-
throughput proteomics can robustly analyze a statistically
appropriate number of biospecimens associated with can-
cer (tissues, proximal fluids, and blood), the integration of
proteomic with genomic information will provide unique in-
sights on the effect of genomic variations on proteins and
their interaction and networks for understanding cancer bi-
ology, as well as developing useful tools for clinical inves-
tigation and implementation. Multiplex quantitative assays
can be configured for these protein targets for verification in
clinically relevant and unbiased cohorts. The purpose of this
integrative approach is to provide the broad scientific com-
munity with knowledge that links genotype to proteotype and
ultimately phenotype. Importantly, data sets, analytically val-
idated assays, as well as high-quality reagents generated by
CPTAC will be made publicly accessible, which could fur-
ther be applied by researchers anywhere around the world in
larger scale clinical validation studies [82].
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5 Combining functional proteomics with
targeted approaches

With the rapid increase in the implementation of this tar-
geted approach of understanding biology and facilitating
clinical research (e.g. cancer signaling pathways), it is an-
ticipated that similar databases to SRMAtlas may emerge,
providing relevant information on protein abundances and
PTMs that modulate cellular function. The Quantitative As-
say Database (QuAD) as described by Remily-Wood et al.,
shares methods and reagents for measuring protein expres-
sion and modifications based on LC-MRM-MS assays devel-
oped using SDS-PAGE-fractionated lysates from cancer cell
lines (http://proteome.moffitt.org/QUAD/) [83]. More inter-
estingly, the pathway maps provide the biological relation-
ships between proteins and demonstrate the concepts for
multiplexed analysis. To date, LC-MRM screening has been
used to detect 876 peptides from 218 cancer-related pro-
teins in model systems including colon, lung, melanoma,
leukemias, and myeloma, leading to the development of 95
quantitative assays including SISs. For example, protein ex-
pression measurements for heat shock proteins, with a com-
parison with ELISA and monitoring response to the HSP90
inhibitor, 17-DMAG, illustrated the components of the QuAD
and its potential utility. This publicly available resource allows
quantitative assessment of protein components of signaling
pathways and biological processes, as well as systematic in-
vestigation of therapeutic monitoring for cancer.

The emerging role of targeting specific classes/families
such as kinases in understanding the functional activities as-
sociated with diseases can further be coupled to MRM-MS
for quantitative analysis. This development is, in part, due
to the lack of selectivity of immunoaffinity and immobilized
metal affinity chromatography (IMAC) approaches to cap-
ture all phosphopeptides including many highly abundant
species that comprise the “phosphopeptide background,”
which poses a major limitation of current methods for phos-
phoproteomics. This high background can limit the sen-
sitivity of targeted assays directed at key phosphopeptide
intermediates in signaling networks [84]. In this regard, Cra-
vatt’s laboratory pioneered a chemical technology referred
to as activity-based protein profiling (ABPP), which uses ac-
tive site-directed probes to measure the functional state of
many enzymes directly in whole proteomes [85]. Activity-
based probes consist of at least two key elements: a reactive
group for binding and covalently labeling the active sites of
many members of a given enzyme class (or classes); and a
reporter tag for the detection, enrichment, and identification
of probe-labeled enzymes in proteomes. One unique feature
of ABPP is that these active-site probes selectively label ac-
tive enzymes, but not their inactive forms, thereby facilitat-
ing the characterization of changes in enzyme activity with-
out corresponding alterations in protein expression. Since
ABPP probes label enzymes based on shared catalytic prop-
erties rather than mere expression level, they provide access
to low-abundance proteins in the proteomes that otherwise

would not be detected, which can be further analyzed by gel
electrophoresis and multi-dimensional protein identification
technology (MudPIT). With this integrated approach, more
than 30 primary human breast tumors and normal breast
specimens probed have demonstrated that several enzyme
activities are elevated in specific breast tumor classes [86].
More recently, a tag-free method for ABPP that utilizes the
copper(I) catalyzed azide–alkyne cycloaddition reaction (i.e.
“click chemistry”) to analyze the functional state of enzymes
in living cells and organisms has been introduced [87]. Thus,
ABPP strategy is sufficiently versatile to be applied to virtually
any cell or tissue (when the genome of the parental organ-
ism has been sequenced); and can be combined with a range
of analytical methods for data acquisition. The drawback of
this approach is that the specificity of ABPP probes is not
absolute, and these probes can be toxic and thus disrupt bio-
chemical pathways when applied to living systems. Despite
this, they remain valuable for characterizing deregulated en-
zymatic activities in various cancer models and specimens.
This approach has allowed the capture and characterization
of several enzyme classes including many that have central
roles in cancer, such as hydrolases and proteases [88–90],
kinases and phosphatases [91–93], histone deacetylases [94],
as well as deubiquitylases [95], which can subsequently be
quantified with MRM-MS technology. This more focused ap-
proach will enable the elucidation of underlying mechanisms
of disease biology/pathology and potential therapeutic inter-
vention, as the quantitative information obtained from these
analyses will reveal the intricate interplay of signaling trans-
duction pathways responsible for cellular function such as
differentiation and apoptosis.

6 Conclusions

Targeted MS-based technology has demonstrated an increas-
ingly important role in biology and medicine, as it provides
a sensitive and specific way to measure protein and peptide
molecules simultaneously and accurately in a biological sys-
tem [96]. From a practical perspective for clinical applications,
it serves as an effective tool to confirm and triage lists of hun-
dreds of protein (biomarker) candidates backed by statistical
rigor, biological and/or clinical significance, and analytical
validity prior to lengthy and costly large-scale clinical trials.
With improvements in assay development (e.g. robotics, au-
tomation, and affinity enrichment), protein-based targeted
MS may eventually become a routine practice in clinical lab-
oratories as FDA-approved assay systems, especially when
antibody-based tests such as ELISA encounter problems in a
subset of patients due to the presence of autoantibody, hook
effect, and cross-reactivity issues. In addition, the multiplex-
ing capability of targeted proteomics can enable the mea-
surement of proteins involved in cellular signaling pathways
and enzymatic catalysis. When guided by large amount of ge-
nomic information from systematic interrogation of biospec-
imens, this approach will greatly advance the understanding
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of molecular mechanisms of systems biology and disease
pathology.

7 Disclaimer

Certain commercial equipment, instruments, or materials
are identified in this paper to specify adequately the ex-
perimental procedure. Such identification does not imply
recommendation or endorsement by the NCI, NIH, nor
does it imply that the materials or equipment identified
are necessarily the best available for the purpose. In this
manuscript, SRM-MS and MRM-MS are used interchange-
ably. Although the FDA “approves” premarket application
submissions and “clears” 510(k) submissions, the words “ap-
proved” and “cleared” have the same meaning in this report,
but are not related to any proposed or real classification deci-
sion for any device.

Special thanks to Dana Jian Rodriguez, for her design of Fig.
2, and Robert Clay Rivers, for his critical reading of this review.
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