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 The search for protein biomarkers has been a highly pursued topic in the proteomics
community in the last decade. This relentless search is due to the constant need for validated
biomarkers that could facilitate disease risk stratification, disease diagnosis, prognosis,
monitoring as well as drug development, which ultimately would improve our quality of life.
The recent development of proteomic technologies including the advancement of mass
spectrometers with high sensitivity and speed has greatly advanced the discovery of potential
biomarkers. One of the bottlenecks lies in the development of well-established verification
assays to screen the biomarker candidates identified in the discovery stage. Recently, absolute
quantitation using multiple-reaction monitoring mass spectrometry (MRM-MS) in
combination with isotope-labeled internal standards has been extensively investigated as a
tool forhigh-throughputprotein biomarkerverification. In this review,wedescribeanddiscuss
recent developments and applications of MRM-MSmethods for biomarker verification.
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1. Introduction

A biomarker is a measurable indicator that provides status of
biological state of the patient. Validated biomarkers and/or
biomarker panels could be applied for targeted medicine
where they can be used to measure disease progression and
treatment efficacy. Therefore, biomarker discovery has always
been of great interest of clinical research community. In the
year 2010 alone, there were over 26,000 publications related to
the term “biomarker” in PubMed. Arguably the protein
biomarker discovery process has been greatly improved due
to technology advancement in the last decade, leading to the
exponential increase in potential biomarkers presented in the
scientific literature. But as noted in a recent review by
Anderson [1], even with great interest and plenty of funding,
there is only on average about 1 protein per year in recent
years that could eventually ended up as a well-characterized
assay that is used by the biomedical community.

Once potential biomarkers are discovered, validation has to
be done to make sure the biomarkers are specifically
associated with a defined biological state and can be
reproducibly performed. Most potential biomarkers are dis-
covered through extensive sample fractionation followed by
mass spectrometry (MS) analysis. Inmost cases, only a limited
number of clinical samples of various sample types including
body fluids and tissues are analyzed due to the low through-
put of the discovery phase. Before these biomarkers can be
developed into useful clinical assays, they have to be validated
as a true biomarker for the intended condition and their
sensitivity and specificity must be established. Biomarker
validation requires a very large number of clinical samples
(e.g. >1000) compare to discovery stage (e.g. <100) [2].
Biomarker validation requires a higher threshold of certainty
than either discovery or verification. It is important to
establish sensitivity and specificity of the biomarker that its
levels must be measured against many thousands of samples
in which its variation within the targeted population is
precisely reflected. This cohort must include not only healthy
individuals but also thosewith similar conditions to that being
studied. Between the discovery and validation phases, resides
verification [2]. The goal of the verification stage is to select
those potential biomarkers that have the necessary specificity
and sensitivity to potentially pass a final validation phase.
This phase requires analyzing several hundred samples, but
unlike the discovery phase is focused on a smaller number of
analytes (i.e. tens) and for MS experiments, measures the
absolute quantity of each not the relative abundance as is
measured in the discovery phase. Changing from relative to
absolute measurement is challenging as it requires validation
of the analytic method used in the biomarker verification
phase. Optimizing the measurement of the selected targets
requires a variety of different sample preparation methods
and a large number of different internal standards need to be
synthesized. Essentially the verification phase requires devel-
opment of a number of assays equal to the number of targets
selected based on the discovery phase.

Verification studies need to be very carefully designed and
cannot simply be an analysis of more of the same samples
used in the discovery phase. Similar to validation, the cohorts
Please cite this article as: Meng Z, Veenstra TD, Targeted mass s
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of samples should be increased to not only include samples
obtained from disease-affected and healthy donors, but also
those that have similar diseases and a broad range of
individuals within the population. For example, males and
females, broad age range, different races and ethnic back-
grounds, pre- and post-menopausal women, etc. should be
included to get a statistically empoweredmeasurement of the
concentration range of the potential biomarkers being
targeted.

The types of sample that are used are almost always serum
or plasma, owing to their availability as well as the hypothesis
that their molecular content represents the physiological and
pathological state of the whole human body. Other biological
samples such as urine and CSF are also utilized. While the
discovery phase continues to generate many potential bio-
markers, the verification phase has become one of the major
bottlenecks in producing clinically useful biomarkers.

Mass spectrometry has played a pivotal role in the
biomarker discovery stage. For MS-based biomarker discovery,
extensive sample procedure and data dependent acquisition
are generally utilized to facilitate the most thorough and
unbiased sample analysis. The potential biomarker candi-
dates identified at discovery stage have a high false positive
rate due to the limited number of samples analyzed and
analytical variation caused by extensive sample preparation.
For biomarker verification, the data acquisition strategy
targets specific potential biomarkers instead of measuring as
many species as possible. Targeting specific biomarkers
enables absolute quantitation measurements of each mole-
cule to be recorded with greater accuracy and precision than
afforded in the discovery phase. High throughput multiplexed
assays have to be developed to screen and verify a large
number biomarker candidates identified within the discovery
stage. Once the biomarkers are validated, the effort can be
devoted to develop assays that can actually be used in clinical
setting. While enzyme-linked immunosorbent assays (ELISA)
are widely used for biomarker verification and validation,
developing individual ELISA assays for a large number of
potential biomarkers (if one is not presently available) is very
time consuming and expensive [3]. If an ELISA is available for a
potential biomarker, it is an excellent choice since this type of
assay can be easily automated leading to very high
throughput.

Recently, quantitation assays based on multiple-reaction
monitoring (MRM) MS in combination with stable-isotope
labeled internal standards have been extensively investigated
as an alternative to ELISAs for protein biomarker verification
purposes [4–6]. Fortunately, many of the techniques required
to develop biomarker verification studies have been well
established and widely utilized for small molecule analysis
were developed over a decade ago [7,8]. The capability of this
targeted MS-based approach to monitor multiple peptide
transitions in parallel offers both the high specificity and the
throughput needed for verification of the large numbers of
biomarker candidates proposed in the biomarker discovery
stage. Therefore, this review focuses on the recent progress of
the application of this targeted MS approach for biomarker
verification including sample preparation strategies proposed
to improve sensitivity when dealing with commonly used
sample types such as plasma, software solutions developed to
pectrometry approaches for protein biomarker verification, J

http://dx.doi.org/10.1016/j.jprot.2011.04.011


3J O U R N A L O F P R O T E O M I C S X X ( 2 0 1 1 ) X X X – X X X
facilitate the automation of both the experimental design and
data processing as well as issues encountered applying the
approach for peptide analysis compared to small molecules.
2. Multiple reaction monitoring-mass
spectrometry

Multiple reaction monitoring-mass spectrometry is generally
done using triple quadrupole or triple quadrupole ion trap
mass spectrometers because of their short duty cycle as well
as their linear quantitation range. The targeted MS-based
approach to be applied to biomarker verification relies on
quantification of peptides derived from the protein biomarker
candidates. Normally 3 to 5 peptides per protein that fit certain
criteria (peptides are generally between 8 and 25 amino acids
long, do not contain easily modified amino acids or known
glycosylation sites, and have well defined termini) are used to
quantify the protein biomarker. While these are useful
guidelines, it is obvious that in some cases these “rules”
need to be broken to target a specific site of interest. These
peptides could be those identified during the discovery stage
after further filtering using the above mentioned criteria and/
or selected from predicted high-responding peptides after an
in silico proteolytic digestion [9].

A schematic of stable isotope dilution MRM-MS showing
steps required for method development and optimization is
shown in Fig. 1. MRM-MS is done by isolating the precursor ion
in the first quadrupole (Q1), fragmenting it within Q2, and
monitoring the optimum fragment ions using Q3. The
selectivity and specificity is achieved through a combination
of Q1 only isolating precursor peptide ions within a narrow
mass window and monitoring fragment ion masses corre-
sponding to the specific precursor ions in Q3. The selectivity
typically increases when multiple transitions are monitored
for the same precursor ion, with 3 to 5 transitions typically
being used for selectivity purpose. As shown in Fig. 2, absolute
quantitation is done by comparing the peak area ratios
between the endogenous peptides (best performing transition
peak area or peak area from combined transitions) and those
obtained from the spiked stable isotope-labeled internal
standard. Peptides and subsequent transitions suitable for
MRM-MS assays have to be evaluated and optimized to
achieve best performance with least interference. In fact,
peptides seen in discovery stages are not necessarily the best
Recombinant
protein  

digest
SRM-MS analysis

Peptides a
observed at

Peptides and transitions expected 
from in silico digestion

Filter using
specified crite

Multiple peptides with
multiple transitions/protein

Fig. 1 – Stable isotope dilution MRM-MS metho
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candidates to give best performance in MRM-MS assays.
Additional optimization MRM-MS experiments using both
best performing peptides seen at discovery stage as well as
predicted high-responding peptides of the same protein are
still required to narrow down the best peptides and/or the best
transitions to monitor in the interested sample matrix to
achieve the best sensitivity and reproducibility.

To be used for quantitative biomarker verification, the
assay performance of the targeted MRM-MS assay including
sensitivity, specificity, reproducibility, linear dynamic range
as well as potential throughput has to be evaluated and
established in a matrix similar to that being used in the
clinical study. As plasma is one of the most attractive sample
types for biomarker studies, a recent publication by Addona et
al. [2] reported amulti-site (eight sites) systematic assessment
of the performance of MRM-MS targeted assays applied to
quantification of peptides and proteins spiked into a human
plasma matrix. Seven proteins encompassed by 11 peptides
were targeted in a human plasma matrix and analyzed
without any sample fractionation. Five out of the seven target
proteins were non-human in origin, thereby not interfering
with the endogenous proteins within the sample matrix. The
two human target proteins were prostate-specific antigen
(PSA) and C-reactive protein (CRP). PSA is a well-known
prostate cancer biomarker present at a concentration of less
than 4 ng/ml in healthy men [10]. CRP is an acute phase
protein present at sub mg/ml concentration in healthy
population, which has shown implications in both cardiovas-
cular diseases and cancers [11,12]. Phase I evaluated the
analytical performance of MRM-MS assay using previously
digested human plasma spiked with synthetic peptides and
demonstrated excellent inter- and intra-laboratory reproduc-
ibility and precision. In phase II, the targeted 11 peptides were
generated via tryptic digestion of the 7 intact recombinant
proteins instead of using the synthetic light peptides. Peptide
recoveries calculated from heavy isotope labeled internal
peptide standards were generally lower in phase II compared
to phase I, which were expected considering both the enzyme
digestion efficiency and the sample loss due to extra clean up
step could result in less light peptides. However, as targeted
light peptides were generated by one digestion and diluted
accordingly to generate the samples, the impact of the
digestion as well as the clean up procedure has minimum
impact on CVs. The majorities of interlaboratory CVs are less
than 15% in both phases I and II. In phase III, all the sample
nd transitions 
 discovery stage
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Fig. 2 – Absolute quantitation using MRM-MS in combination with isotope-labeled internal standard.
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handling and preparation steps were performed on-site as
would be expected if the approach is applied to verify large
number of biomarker candidates. The median percent sample
recovery of the peptides at the mid-concentration point
(46 fmol/μl) was 48.9% for phase III (compared to 119.8% for
phase I and 79.6% for phase II). The median interlaboratory
CVs of eight out of eleven peptides measured, however, were
still less than 25%. This invaluable study helps to establish
some baseline parameters when applying targeted MRM-MS
assay with isotope-labeled internal standards to verify bio-
markers in a complex sample matrix. Overall, this study
systematically demonstrated that the MRM-MS assay could be
highly reproducible in a highly complex samplematrix such as
plasma even across labs on different instrument platforms.
For future large scale biomarker verification study, quantita-
tion accuracy could depend on how to minimize variation
caused by sample preparation and optimization of target
peptides release. The low fmol/μl limit of quantitation (LOQ)
achievable in phase I also mean only biomarkers in plasma
with sub to low μg/ml or above concentrations can be reliably
quantitated if the current MRM-MS approach is applied
without any sample enrichment using current technology.

Kim et al. appliedMRM-MS to verify biomarkers for diabetic
retinopathy using clinical vitreous and plasma samples from
49 patients at 3 different stages [5]. This study utilized a typical
potential biomarker verification work flow when MRM-MS is
applied. Biomarker candidates were determined from previ-
ously generated proteome profiles and the monitored MRM
transitions were selected from both earlier discovery effort
and in-silico predictions. Targeted proteins quantified in both
vitreous and plasma samples were reported to show different
expression patterns and more experiments are probably
needed for further biomarker verification. Kuzyk et al. [6]
demonstrated quantitation of 45 endogenous proteins of
moderate to high abundance in plasma without sample
enrichment or fractionation in a single LC–MS run using
MRM-MS in combination with 45 concentration-balanced
stable-isotope labeled peptide standards according to their
endogenous protein level. This study demonstrated the high
throughput and multiplexing capability potential of this
approach for protein biomarkers verification in a highly
complex sample matrix. The concentration-balanced internal
standard mixture not only facilitated better quantitation
accuracy of analytes with >104 dynamic range but also
improved the analyses CVs compared using equimolar
Please cite this article as: Meng Z, Veenstra TD, Targeted mass s
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concentration internal standard mixture. Therefore, the
concentration of internal standards used needs to be carefully
considered when developing multiplexed MRM-MS assays for
biomarker verification.

Although the recent studies demonstrated the excellent
precision and reproducibility of MRM-based approaches for
biomarker verification, it also made it clear that the needed
pg/ml–ng/ml sensitivity required to measure many bio-
markers in plasma is not achievable with the current
technology without any sample enrichment. Therefore, sam-
ple strategies developed previously for the low abundance
biomarker discovery in plasma are being explored for bio-
marker verification purpose with emphasis being placed on
their reproducibility and throughput.
3. Sample enrichment strategies applied to
improve sensitivity

To improve detection sensitivity in plasma samples, the first
sample preparation strategy that generally comes to mind is
immuno-depletion of highly abundant proteins in serum and
plasma; a technique that has been widely applied to biomarker
discovery studies [13,14]. The reproducibility and the efficiency
of immuno-depletion strategies for depletion of the intended
abundant proteins have been thoroughly investigated and
demonstrated [13–15]. Thus the depletion strategy in combina-
tion with further fractionation using techniques such as strong
cation exchange chromatography have been applied to plasma
samples prior to their analysis by MRM-MS. This combination
has successfully achieved the ng/ml LOQs for clinical relevant
biomarkers including PSA and cardiovascular biomarkers in
patient samples [16–18]. While immunodepletion columns can
deplete the targeted abundant plasma proteins efficiently and
reproducibly, there are caveats that need to be consideredwhen
using this sample preparation strategy. In a recent study by Tu
et al., only 23 proteins at less than ng/ml level were identified
after immuno-depletion was performed [15]. In addition, the
depleted high abundance proteins could potentially carry
clinical relevant biomarkers either due to direct interaction or
due to the so called “sponge” effect. Gundry et al. reported that
nine of the 26 albumin-associated proteins that are considered
potential biomarkers were only identified in the albumin-
enriched fraction [19]. The non-targeted sample preparation
strategy of immunodepletion in combination with further
pectrometry approaches for protein biomarker verification, J
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fractionation also has low multiplexing capabilities and low
throughput.

To deal with the sample complexity issue and improve
sensitivity for plasma samples, a better strategywould include
targeted sample preparation in which low abundant targets
can be enriched while the sample matrix can be simulta-
neously simplified. Targeted sample preparation strategies
can either enrich for target proteins or enrich for peptides that
act as surrogates for protein quantitation. Common enrich-
ment strategies performed at the protein level include the use
of antibodies, gel electrophoresis or off-gel fractionation.
Unfortunately these techniques are generally time consuming
and difficult to multiplex with low throughput. A recent
approach termed Stable Isotope-Labeled Standards with
Capture on Anti-Peptide Antibodies (SISCAPA) has shown
great potential for low abundant biomarker verification when
applied to enrich for targeted peptides. The peptides of
interest are enriched from digested plasma samples that are
spiked with known amounts of their stable isotope labeled
internal standard counterparts. The enrichment uses immo-
bilized antibodies generated against specific peptides. The
peptides are released from the antibody and then quantitated
using MRM-MS [20]. Whiteaker et al. [21] presented an
improved SISCAPA approach through automating the process
using a magnetic-bead-based platform capable of targeting 9
peptides in the same assay. The positive or negative impact of
the multiplexing format on peptide target recovery seems to
depend on the individual peptide but the overall performance
of the 9-plex panel was not adversely affected. While using
10 μl plasma sample, the multiplexed SISCAPA process
provided enrichment of 100–1000 fold with overall quantita-
tion median CVs of 12.6%. This automated and multiplexed
sample enrichment approach allows for quantifications of
proteins in plasma at ng/ml level without any depletion and
fractionation steps. What's more, as an enrichment strategy,
the SISCAPA approach can be easily applied to larger sample
volumes to further improve its sensitivity. As demonstrated in
the same study, applying the method to 1 ml of plasma
resulted in LODs and LOQs that were further decreased to pg/
ml protein level for most targets while still maintaining assay
performance. A potential drawback for the SISCAPA process is
that not all peptides are antigenic as only 9 out of the original
15 peptides used in the study generated working antibodies.
Multiple peptides per protein could potentially assist in
generating useful antibodies, although the cost and overall
lead time will also increase.

Alternatively, another affinity enrichment strategy based
on combinatorial hexapeptide ligand library coupled to beads
shows potential to achieve enrichment of low abundant
proteins while minimizing sample dynamic range in a non-
targeted manner compared to SISCAPA [22]. The non-targeted
manner is in the sense that it is not targeting at any specific
protein or proteins, but bind proteins up to its capacity. The
combinatorial peptide ligand library reduces sample dynamic
range by equalizing the concentrations of all proteins by
capturing them up to its binding capacity for all proteins,
resulting in the overall enrichment of low abundance proteins.
It has been widely used for various sample types including
human sera and urine [22]. Although it has not been exploited
in combination with MRM-MS for plasma and serum samples,
Please cite this article as: Meng Z, Veenstra TD, Targeted mass s
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it has recently been applied in combination with an MRM-MS
assay for quantitation of low abundance proteins in patient
ovarian cancer ascites digest [23]. A multiplexed MRM-MS
assay of five proteins including kallikrein 6 (in ng/ml level)
were developed and the quantitation values obtained for this
protein after combinatory peptide library treatment correlated
well with those from earlier ELISA results (R2=0.988). However,
the reproducibility, efficiency and overall applicability of this
sample enrichment strategy for multiple targets in a highly
complex matrix obviously need to be further investigated and
validated before it can be applied for protein biomarker
verification purpose.
4. Mass spectrometry-based strategies to
improve sensitivity

Besides all the sample preparation efforts being developed to
improve the sensitivity of targeted MRM-MS approaches,
Fortin et al. [24] reported a MS-based strategy (termed MRM3)
to improve limit of quantitation by taking advantage of the
ability of a hybrid triple quadrupole/linear ion trap mass
spectrometer to further fragment the product ions monitored
in Q3. In MRM3, the ion chromatogram is reconstructed from
fragments of the product ion in the linear ion trap as shown in
Fig. 3 instead of from the product ion as in theMRMmode. The
MRM3 mode further reduces background interference, which
leads to a lower LOQ. It was demonstrated that MRM3

generally resulted in 3- to 5-fold improvements in LOD and
LOQ using 5 model proteins with only a slight reduction of
accuracy and precision compare to a conventional MRM assay.
The MRM3 method demonstrated its potential for biomarker
verification when it was applied to quantitate PSA in plasma
samples obtained from three cancer patients using only a
simple solid phase extraction sample preparation step tar-
geted at PSA peptides. The low ng/ml results obtained using
MRM3 correlated very well with the ELISA tests. Besides the
above strategy, Hossain et al. [25] reported thatmodification of
a triple quadrupole mass spectrometer's ion source by
coupling a multi-capillary inlet/dual electrodynamic ion
funnel interface improved ion transmission efficiency that
increased MRM peak intensities from 20- to 150-fold depend-
ing on the individual peptides. Further testing of the interface
demonstrated a 10-fold improvement of LOD to 40–80 ng/ml
range for the proteins spiked in non-depleted mouse plasma
with much better reproducibility. Further advancement of
mass spectrometer technology both from ion transmission
efficiency and background noise reduction show great poten-
tial for reliable low abundant (ng/ml) biomarker quantitation
and could be applied later to achieve the sensitivities needed
for protein biomarker verifications either by itself or in
combination with sample enrichment strategies.
5. Stable isotope labeled internal standards
used

Stable isotope labeled peptides of the target proteins synthe-
sized by chemical methods is the most commonly used
internal standards for MRM-MS assays. They are normally
pectrometry approaches for protein biomarker verification, J

http://dx.doi.org/10.1016/j.jprot.2011.04.011
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purified to high purity and quantified by amino acid analysis
to assure quantification accuracy. The synthetic peptides are
generally straightforward to synthesize and it is also applica-
ble when modifications need to be quantified as long as the
modification can be synthesized onto the labeled standard
peptides. If a large number of peptides are to be monitored,
purchasing synthetic peptides becomes costly. Therefore, an
approach denoted quantification concatamer (QconCat), in
which an artificial protein is expressed using gene encoding a
concatamer of the target standard peptides in E coli system,
was developed [26,27]. The QconCat proteins were reported to
be highly amenable to proteolytic digestion due to their lack of
higher order structure. The result is an equimolar mixture of
the target peptides upon digestion. QconCat is a convenient
and economic approach to obtain an equimolar ratio of large
number of labeled internal standard peptides. It was evaluated
by Mirzaei et al. [28] to be comparable but not necessarily
superior to the chemical synthesis method to generate labeled
internal standards. Even though QconCat does not completely
compensate for target protein digestion efficiency due to their
completely different structure, it could still partially compen-
sate for the digestion procedure as they are typically added
Please cite this article as: Meng Z, Veenstra TD, Targeted mass s
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before the digestion step. Chemically synthesized peptides are
usually added after the digestion step. However, QconCat
peptides are not useful for quantitating modified peptides as
the protein is expressed in E. coli. In addition, when multi-
plexing for biomarker verification, a variable amount of
internal standards may need to be added for the different
proteins to obtain the best overall quantitation result [6]; a
procedure that is impossible using QconCat proteins. For
targeted MRM-MS in combination with stable isotope internal
standard approach, peptides are quantified as surrogates for
protein targets. Therefore, the reproducibility and efficiency of
the peptides release from proteins upon digestion are critical
for their quantification and could be a major cause of data
variation and discrepancies as noticed in various studies
[4,29,30].

Efforts have to be made to optimize digestion procedure in
plasma for biomarker quantitation [29,31]. It was noted that
although an overall best performing digestion procedure can
be achieved for all proteins in a sample, the optimum
procedure for best digestion efficiency and reproducibility for
any individual protein is in fact protein dependent [31].
Therefore, a solution could be using isotope labeled full length
pectrometry approaches for protein biomarker verification, J
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recombinant proteins as internal standards for MRM assays.
The recombinant protein standards could be added at the
beginning of any sample preparation and thus compensate for
digestion efficiency as well as variation due to sample
preparation throughout the entire procedure. Isotope labeled
recombinant proteins have been explored as internal stan-
dards for improved absolute quantitation accuracy [32–35].
Brun et al. [32] denoted their approach as protein standard
absolute quantification (PSAQ) and demonstrated that PSAQ
outperforms both AQUA and QconCAT for quantifying the
public health biomarker staphylococcus super-antigenic
toxins in urine samples (Fig. 4). A comparison of the intro-
duction points of these three type isotope labeled internal
standards in sample procedure is shown in Fig. 5. Isotope
labeled recombinant proteins are also the only internal
standards compatible with any sample enrichment, fraction-
ation and preparation strategies that are applicable for
biomarker verification purpose. These recombinant proteins
are generally expressed in either cell free or E coli systems,
therefore they are not applicable for quantifying specific post-
translational modifications. As one of the first application of
isotope labeled recombinant protein used in clinical sample
setting, quantification method of urinary albumin with a
clinically relevant dynamic range of ~3 mg/l to 300 mg/l using
Fig. 4 – The comparison of concentration curves of peptides
NVTVQELDLQAR (SEA) and LPTPIELPLK (TSST-1) in SEA
(A) and TSST-1 (B) spiked urine samples obtained using
different isotope labeled internal standards: synthetic
peptides (AQUA) or generated from QconCAT or PSAQ. Each
data point is the mean value±S.E. of three analytical
replicates. (reproduced with permission from [32]).
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15N-labeled recombinant human serum albumin (HSA) inter-
nal standard was developed and its clinical performance for
138 patent samples comparable to a commercially available
immunoturbidometric assay was demonstrated [36]. Howev-
er, isotope labeled recombinant proteins haven not been
applied in any large scale biomarker verification studies as of
yet, probably due to the time and expense required for their
preparation. As the technology for recombinant protein
expression and purification continues to develop, isotope
labeled recombinant proteins could become a very useful tool
for later targeted biomarker verification efforts especially
when the efforts are performed across multiple sites where
sample preparation procedure at different sites could cause
significant data variation.
6. Bioinformatic software to facilitate
application of MRM-MS for biomarker verification

With the large amount of potential biomarker candidates to be
verified, setting up MRM-MS assay for each peptide with
multiple transitions manually could become time consuming
(and confusing) especially when time-scheduled transitions
also need to be set up to increase both throughput and
sensitivity. What's more, once high throughput multiplexed
MRM-MS assay for parallel biomarkers verification are opti-
mized, data processing has to be automated aswell to improve
throughput and minimize error. Bioinformatic tools to facil-
itate both the earlier stage surrogate peptides determination
and the later stage data processing require continued devel-
opment. Both commercial and open source software have
been developed in recent years for these purposes and have
greatly simplified the efforts needed to setup and optimize
MRM-MS assays.

The commercial software include Pinpoint from Thermo
Scientific and MultiQuant from AB Sciex, which is not
surprising as their TSQ and QTRAP mass spectrometers are
two of the most commonly used instruments for targeted
peptide MRM-MS experiments. Both MultiQuant and Pinpoint
pectrometry approaches for protein biomarker verification, J
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have capability for MRM-MS method design, assay optimiza-
tion and data processing for experiments and data generated
by their specific instruments. The commonly used open
source software includes Skyline and MRMer [37,38]. MRMer
takes data in the platform-independent mzXML data format
and allows data extraction, visualization as well as analysis.
Among the software choices, Skyline takes data from all major
instrument companies in their native form and could be used
to design targeted MRM-MS assay directly exported in specific
major instrument method forms. When deciding on peptides
and transitions tomonitor for biomarker verification, previous
search result from biomarker discovery stage, public available
spectral library results as well as in silico predictions could all
be used in the decision making process. Skyline also fully
supports quantitative data analysis using isotope-labeled
internal standards as shown in Fig. 6. Collision energy is one
of the instrument parameters that are often optimized for
each peptide to achieve best signal intensity, which could be
both time and resource consuming especially when large
amount of peptides are involved. Skyline also provides
instrument platform dependent collision energy predictions
formajor instrument companies that performs close to 92% on
average to the performance of the empirically derived collision
energy in MRM-MS assays as reported in a recent study [39].
Final result generated by skyline can be exported into tabular
format that is compatible to Excel for easy statistic analysis. As
Fig. 6 – Skyline support for quantitative analysis of isotope-label
with permission from [37]).
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Skyline seems to have the capabilities of method design for
targeted MRM-MS in combination of isotope-labeled internal
standards, support for assay optimization and support for
automated data analysis for all the major instrument plat-
forms, it would be a great tool later for biomarker verification
studies when multi-site studies are being conducted.

Besides software tools developed to facilitateMRM-MS assay
design and data processing automation, effort has also been
spent to address inaccurate and imprecise quantification due to
interferences or inconsistency in MRM-MS signals. An algo-
rithm denoted automated detection of inaccurate and impre-
cise transitions (AuDIT) has been developed to automatically
identify potential problematic data to be manually inspected
and corrected. The program demonstrated better than 94%
identification accuracy of errant data with high sensitivity and
specificity [40]. Its implementation either as a post data-
processing tool or further incorporated into the software
packages mentioned above could greatly improve both the
speed and the accuracy of future large scale biomarker
verification effort using the targeted MRM-MS approach.
7. Conclusions and perspectives

With the backlog of biomarkers identifiedwithin the discovery
phases continues to increase in size, it is becoming imperative
ed internal standards and endogenous peptides. (reproduced
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that high-throughput tools for verifying the utility of any of
these proteins soon become available. While MRM-MS ap-
proaches for verifying these potential biomarkers hold prom-
ise, each step in the process requires careful optimization. In
needs to be kept in mind that the final quantitative results
provided by MRM-MS must be accurate, precise, and highly
reproducible. These requirements are not trivial as there is not
a single “one size fits all” method to assay every candidate
biomarker. The peptide selection, sample preparation meth-
od, LC conditions, and MS parameters must be optimized for
each potential biomarker. Fortunately, the proteomics com-
munity can learn a lot from the small molecule community
who have been developing quantitative assays for specific
molecules for decades. While the specific steps involved in
quantitating proteins versus smallmolecules are different, the
fundamentals of extraction/enrichment, LC, MS, and data
analysis are very similar.

To alleviate the backlog of biomarkers identified in the
discovery phase, developing MRM-MS assays will need to
become routine. Presently most verification studies are still
conducted using antibody-based platforms since there are a
largenumberof theseassaysalreadyavailable. If an investigator
has a choice between MRM-MS and an antibody-based assay,
the decision is typically driven by availability. It makes more
sense to utilize an already available antibody-based test rather
than going through the expense of developing and MRM-MS
assay. The best use of MRM-MS assays is for proteins where no
antibody-based test is available or the present assay performs
poorly. Another area where MRM-MS provides significant
advantages is in multiplexing. Considering the speed and
resolution afforded by modern mass spectrometers, it is easy
to envision the day where up to a hundred proteins can be
specifically quantitated using MRM-MS from a single patient
sample. If this goal is achieved, it will represent a major step in
making proteomics a contributor to personalized medicine.
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