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Abstract
The recent advance in technology for mass spectrometry-based targeted protein quantification has
opened new avenues for a broad range of proteomic applications in clinical research. The major
breakthroughs are highlighted by the capability of using a “universal” approach to perform
quantitative assays for a wide spectrum of proteins with minimum restrictions, and the ease of
assembling multiplex detections in a single measurement. The quantitative approach relies on the
use of synthetic stable isotope labeled peptides or proteins, which precisely mimic their endogenous
counterparts and act as internal standards to quantify the corresponding candidate proteins. This
report reviews recently developed platform technologies for emerging applications of clinical
proteomics and biomarker development.
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Introduction
The emerging technology of mass spectrometry-based quantitative proteomics provides a
powerful tool to systematically and quantitatively assess quantitative differences in protein
profiles of different samples1, and is increasingly becoming an important component of
biomedical and clinical research 2-36. Discovery-based quantitative proteomics compares the
proteome of a diseased sample versus normal at a global scale, and has been widely applied to
study various human diseases with the goal to identify biomarkers and/or reveal the
pathogenesis of diseases. These efforts have led to a significant increase in identification of
novel protein candidates associated with a wide assortment of diseases. However, further
characterization and validation of the vast majority of these putative biomarkers is extremely
challenging because of the enormous complexity of biological systems, heterogeneity of
human samples, and lack of universal quantitative technology. In fact, the number of new
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biomarkers validated in the past 5 years has been remarkably small 37-40. One of the critical
gaps in biomarker development has been in the process of evaluating a large number of
biomarker candidates to select the few that merit the effort and expense of full validation and
pre-clinical testing 40. To relieve the bottleneck to preclinical biomarker assessment it will
require a breakthrough in technology to provide a more universal “bridging” methodology --
a way of assessing biomarker performance in a large number of suitably selected samples --
which would be applicable for most of given protein candidates.

Traditionally, the enzyme-linked immunosorbent assay (ELISA) has been the major method
used for targeted quantification of a protein, providing good sensitivity and throughput. In the
cases where ELISA assays or high quality antibodies already exist, the process of validating a
biomarker candidate can be relatively straightforward. Indeed, ELISA remains the “gold
standard” for targeted protein quantification to date. However, for many or most novel protein
candidates discovered in recent proteomics studies, the ELISA approach is limited by the lack
of availability of antibodies with high specificity. The development of a high quality ELISA
assay requires a significant investment in time and resources; and the lack of alternative
methods for targeted protein quantification has been recognized by the community 41.
Recently, the concepts of targeted quantitative proteomics 42,43 and mass spectrometry-based
absolute quantification strategies 44-53 have been actively developed and implemented for
clinical proteomics applications, and should help circumventing these limitations.

Mass spectrometry-based approaches for targeted protein quantification are based on the
concept of isotope dilution mass spectrometry techniques commonly used for the detection of
small molecules 54. The approach is comparable to modern advanced antibody-based methods,
such as the multi-analyte profiling platform (MAP) 55-57, offering multiplexing detection
capability with an excellent dynamic range. While the antibody development is central to the
success of an ELISA based platform, mass spectrometry provides alternative and
complementary approach, which can precisely detect a wide variety peptides/proteins via high
mass accuracy and/or peptide sequencing. This approach provides high selectivity and
specificity, and technically avoids most of the problems associated with optimization of
multiple assays in a single measurement. In addition, the mass spectrometry based technique
has a unique capability to perform candidate-based proteome browsing 42,43,51 and measure
absolute levels of post-translational modifications (PTMs) 46,48,51,53. Figure 1 demonstrates
the general components of mass spectrometry-based approaches for targeted protein
quantification.

Absolute quantification strategy
The first attempts to determine the absolute amount of a specific protein using stable isotope
dilution theory and mass spectrometry were reported more than two decades ago using fast
atom bombardment mass spectrometry and deuterium-labeled synthetic peptides as internal
standards 58,59. However, it was not until recently, that this approach benefitted from the rapid
advances in mass spectrometry instrumentation and proteomics technologies; with these
improvements, the mass spectrometry-based absolute quantification techniques are becoming
practically available to detect candidate proteins in a complex biological sample with high
sensitivity 44-51,53,60. The studies may vary according to the mass spectrometric platforms
and sample preparation strategies used, but all rely on the use of synthetic reference peptides,
which precisely mimic their endogenous counterparts. The synthetic reference peptides are
used as internal standards which are introduced into the test sample at a known concentration
in order to quantify the corresponding targeted endogenous peptides. Typically, the synthetic
reference peptides are synthesized with an incorporated stable isotope labeling of 13C
and 15N on one selected amino acid in the peptide sequence -- so that the reference peptide and
corresponding endogenous peptide share the same physicochemical properties, including
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chromatographic co-elution, ionization efficiency, fragmentation pattern, but can be
unambiguously distinguished by mass spectrometry with a defined mass difference. The
quantification of an endogenous peptide is based on the intensity ratio of an endogenous peptide
(light) to the reference peptide (heavy), which shares the identical sequence and
physicochemical properties with its native counterpart, therefore, minimizing the systematic
variations due to different sample complexity and analytical conditions.

Gerber et al presented a systematic approach using the strategy of absolute quantification
(AQUA) to determine the absolute level of protein and phosphorylated protein expression in
whole cell lysates separated by SDS/PAGE 46. An ion trap mass spectrometer coupling with
microcapillary liquid chromatography (LC) was used in the study to selectively detect the
targeted peptides using the selected reaction monitoring (SRM) mode 46,61. Low abundance
yeast proteins involved in gene silencing were quantified. In addition, synthetic peptides with
covalent modifications mimicking natural phosphorylation were also prepared to quantify cell
cycle-dependent phosphorylation of Ser-1126 of human separase protein, and identify kinases
capable of phosphorylating Ser-1501 of separase in an in vitro kinase assay. The study
demonstrates the potential and flexibility of using absolute quantification strategy to determine
the absolute level of protein expression, as well as quantitatively analyze post-translationally
modified proteins in a complex biological system.

Recently, full-length proteins with stable isotope labeling were used as internal standards to
determine absolute quantification of biomarkers in urine 62. The study applied the
methodology termed Protein Standard Absolute Quantification (PSAQ) to quantify the
absolute level of staphylococcal superantigenic toxins SEA and TSST-1in urine and drinking
water. A detection sensitivity of picomolar level in water samples and nanomolar level in urine
samples was achieved. In a different study, stable isotope-labeled intact protein was used as
an internal standard to quantify the absolute level of alcohol dehydrogenase expression in
human liver specimens 63.

Mass spectrometric platforms
A variety of mass spectrometric platforms have been used for targeted quantitative proteomics
analysis, including the most popular triple quadrupole (triple Q) instrument using the multiple
reaction monitoring (MRM) technique 44,53,63-71, matrix assisted laser desorption/ionization
time-of-flight tandem mass spectrometer (MALDI TOF/TOF) 51,72, an ion trap instrument
using selective ion monitoring (SIM) mode 46,48,73 and the electrospray ionization (ESI)
based QTOF mass spectrometer 62,74. The MRM technique, combined with stable isotope-
labeled internal standards, has been used in the pharmaceutical industry for decades for the
quantitative detection of small molecules including drug metabolites 75, protein degradation
products 76, and hormones 70. The discriminating power, maturity of technology and the
highly developed automation for data processing have provided great convenience in adapting
the methodology for quantitative protein detection. Indeed, many of the recent reports in
biomarker verification/validation using mass spectrometry based approach for absolute protein
quantification utilized MRM assays. When applying quantitative protein detection with a triple
Q instrument using the MRM mode, a precursor ion of interest is first selected in Q1 based on
its accurate mass. The pre-selected precursor ion is transmitted and fragmented with collision
excitation with a neutral gas in Q2 -- which is used as a collision cell for collision induced
dissociation (CID). The resulting fragmented ions of the selected precursor ion are mass
analyzed in Q3, and precursor-fragment transitions are used to quantify a peptide. It has been
demonstrated that with a modern triple Q mass spectrometer, a significant number of peptide
candidates (> 50) can be multiplexed and simultaneously targeted for quantitative detection in
plasma in a single measurement 64.
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In the past few years, significant technical advances have been made on MALDI based mass
spectrometry, including the introduction of tandem instruments, coupling of off-line LC
separation/spotting for sample preparation and imaging capability; these improvements greatly
enhance the application and performance of MALDI based mass spectrometers in proteomics.
For targeted quantitative proteome analysis, the MALDI based tandem mass spectrometer
offers several unique features including: 1) the dissociation of LC separation with sample
introduction for mass spectrometric analysis, allowing sample preparation and mass
spectrometric analysis to be performed in parallel; 2) the decoupling of the MS and MS/MS
operations enables a data-driven, selective MS/MS analysis; 3) the non-destructive sample
interrogation reserves most or part of samples for repeat analysis; 4) the generation of
predominant single-charge ions simplifies data analysis. These unique features allow the LC
MALDI based platform to afford greater flexibility for a variety of analytical modes (e.g.
discovery mode for global profiling versus browsing mode for targeted analysis), as well as
providing great potential for high throughput proteome screening. In the MALDI based
approach for targeted analysis, the spiked sample is first separated with LC and the fractions
are spotted onto a MALDI plate with a designated format and density to form a “peptide array”.
The array is then sequentially surveyed by the MALDI mass spectrometer using a high speed
MS mode. The generated MS data is processed and the precursor ions with targeted masses
are selectively chosen for MS/MS analysis. This data driven candidate-based process can be
performed automatically using an inclusion list which is an available function for most of the
modern MALDI tandem instruments. Several applications of MALDI based instruments for
targeted quantitative proteomics analysis have recently reported, including targeted analysis
and biomarker validation using LC MALDI TOF/TOF 51,72 and LC MALDI triple Q/MRM
77. The application of the LC MALDI based platform for targeted protein quantification is
highlighted by its excellent resolution and potential for high throughput, which is particularly
appealing for biomarker studies and will be further discussed below.

A different and unique application of MALDI based targeted mass spectrometric analysis is
its capability to perform targeted protein or peptide imaging analysis directly on whole tissue
samples 78-81. A number of biomarker and clinical studies using MALDI molecular imaging
techniques have recently been reported 80,82-87. Although this technique is not directly
relevant to absolute protein quantification it provides a different approach for targeted protein
detection.

Design and synthesis of signature peptides
The mass spectrometric detection of a targeted peptide relies on the accurate mass and exact
sequence of the peptide of interest, thus, when combined with effective sample preparation
method, the technique is highly specific and capable of quantifying the corresponding protein.
The selection of signature peptides to represent a candidate protein is a critical step in
experimental design and assay establishment because it will affect both the specificity and
accuracy of a targeted analysis. Mass spectrometric, as well as biological considerations, need
to be included in determining whether a tryptic peptide can serve as a signature peptide. The
factors to be considered should at least include: the mass and specific sequence of a peptide,
the uniqueness of a peptide to the corresponding protein, the physicochemical properties of a
peptide, mass spectrometric sensitivity for a given mass spectrometer, known PTMs of the
target, and known amino acid variants. It is also important to ensure that the selected peptides
do not have flanking sequence and can be robustly proteolyzed by trypsin digestion. Peptides
with reactive or labile amino acid residues should be avoided as well. For instance, methionine,
cysteine and tryptophan are likely to be oxidized; Asp-Pro and Asp-Gly peptide bonds are
unstable; asparagine and glutamine are subjected to deamidation; and N-terminal glutamine
can undergo cyclization. Some of the information can be obtained based on in silico digestion
of a candidate protein, peptide and protein libraries 88 and the informatic protein databases
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now available. Other considerations, such as mass spectrometric sensitivity, can only be fully
assessed based on empirical data and may be dependent on the specific mass spectrometry
platform used. In practice, unique peptides of a targeted protein that have been observed in
profiling experiments are good candidates for signature peptides. Recently, the empirical data
from four different proteomics platforms has been used to construct a computational model,
in which “proteotypic” peptides of a specific protein can be predicted based on their
characteristic physicochemical properties for a given platform 89. While stripped peptides
(peptides with no PTM) unique to a candidate protein can be used to quantify the absolute level
of protein expression, peptides carrying PTMs (e.g. phosphorylation, glycosylation,
methylation, acetylation, etc.) may also serve as signature peptides to probe the quantitative
state of a PTM associated with a particular biological state or disease setting.

It is possible that direct measurement of target peptides could be used to identify
polymorphisms and mutations in proteins of interest. For example, in our study in quantifying
protein ceruloplasmin in human cerebrospinal fluid (CSF) the measurement of a polymorphic
peptide with an amino acid variant (DIFT*GLIGPMK, T to I) was compared to the
measurement of a non-polymorphic ceruloplasmin peptide (ALYLQYTDETFR), and showed
significant difference in quantification. If validated, this phenomenon may suggest that
peptides with different variants due to gene mutation or polymorphism could potentially be
detected and quantified using a similar approach.

Stable isotope labeled reference peptides have traditionally been generated using stepwise
chemical synthesis, purified with HPLC and quantified with amino acid analysis. Cell culture-
derived stable isotopic labeled peptides have also been used as internal standards for protein
quantification 90. Recently, biologically synthesized stable isotope labeled peptides using
artificial QconCAT proteins have been introduced 74,91,92. A recent paper provides a
comparison of chemically synthesized and biologically generated peptides for quantification
and an assessment of the pros and cons of each method 93.

Sample preparation strategies
A robust, highly sensitive assay using mass spectrometry for multiplexing targeted protein
quantification involves a variety of different technologies. Sample preparation is considered
an integral part of the analytical platform and can significantly influence the overall sensitivity
of the analysis for a given mass spectrometer used. A variety of sample preparation strategies
have been developed for targeted protein quantification in plasma, serum, or other complex
biological samples to deal with the enormous sample complexity and depth of proteome.
Depletion of highly abundant proteins is one of the effective and most commonly used
strategies to enhance the detection sensitivity of targeted proteins in a complex sample, such
as serum or plasma 64-66,69,94-96. In a recent study by Anderson et al, with minimal sample
preparation the concentrations of 47 high and medium abundance plasma proteins were
quantified in a single experiment, achieving a dynamic range of 4.5 orders of magnitude 64.
The depletion of 6 most abundance proteins using immuno-subtraction significantly improved
the detection sensitivity and the CVs of the analysis. Notably, the depletion and tryptic
digestion process are critically important in the sample processing steps, impacting the
accuracy and precision of the overall quantification. Under the same experimental settings, the
aforementioned study had demonstrated that depletion and tryptic digestion can be highly
reproducible. A systematic comparison of the performance of a variety of different depletion
columns has also been reported 97.

The depletion of highly abundant proteins in plasma or serum significantly enhances the
analytical dynamic range and detection sensitivity for targeted analysis. However, the dynamic
range of proteins in plasma or serum can exceed 10 orders of magnitude 38, limiting an in-
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depth probe of low abundance protein candidates even after the removal of abundance proteins.
To address this issue, a variety of sample preparation techniques have been introduced to enrich
and extract the proteins or peptides of interest from a complex background. The method of
Stable Isotope Standards with Capture by Anti-Peptide Antibodies (SISCAPA) was developed
by Anderson et al using peptide-based antibodies to enrich the targeted low abundance peptides
44. Rabbit anti-peptide antibodies were raised against the candidate peptide sequences and
immobilized on nanoaffinity columns to enrich the specific peptides and the spiked synthetic
reference peptides. The study demonstrated a 120-fold enrichment of the antigen peptides and
a near 5% cycle-to-cycle coefficients of variation. A magnetic-bead based platform using
SISCAPA was also developed 96 and applied to verify biomarker candidates in plasma 95.
Keshishian et al took a different approach by combining immune-depletion with strong-cation-
exchange chromatography (SCX) to enhance the detection sensitivity for low abundant plasma
proteins 65. Using this approach they were able to reach a detection limit at high picogram/
milliliter level, which is 1000-fold improvement comparing to a direct plasma analysis.

A different approach in simplifying complex biologic samples and enriching for low abundance
peptides/proteins is to target a specific sub-proteome, such as glycoproteins or
phosphoproteins, for targeted analysis. We introduced a platform combining solid phase
glycoprotein capture and MALDI TOF/TOF mass spectrometry to selectively quantify the N-
linked glycosylation of a group of candidate glycoproteins in serum 51. The de-glycosylated
peptides with N-linked motifs were extracted from serum using a solid phase extraction method
based on hydrazide chemistry 98,99-- the same chemistry that has been applied to quantify
carbonyl motifs on proteins using spectrophotometric or ELISA assays 100. Recently Stahl-
Zeng applied a similar approach to quantify N-linked glycopeptides in plasma and achieved a
detection sensitivity at low nanogram/milliliter. These studies demonstrated an integrated
pipeline for candidate-based glycoproteomics analysis with precise mapping of targeted N-
linked motifs and absolute quantification of the glycoprotein targets. Other approaches
targeting subgroup of protein or peptides for analysis include the combined fractional diagonal
chromatography (COFRADIC) 101,102, which enriches N-terminal peptides for analysis.
Figure 2 illustrates some of the sample preparation strategies and their overall detection limits
for targeted analysis in plasma or serum. It is remarkable that for each sample preparation
method the detection sensitivity for a specific targeted protein in plasma or serum also depends
on the nature abundant of the protein, the proteotypic characteristics of the signature peptides
and the specific analytical platform used.

Potential for high throughput
For the application of biomarker verification and validation -- in which absolute quantification
of a single protein or a panel of candidate proteins in a large cohort of individual samples is
required -- a high throughput and multiplexing analysis is essential. While most of the recent
efforts to improve targeted quantitative analysis have been focusing on the quantitative aspects
of the methodology and development of sample preparation strategies, attention has also been
paid to address issues related to analytical throughput. The analytical throughput can be
interpreted as 1) the number of analytes that can be analyzed in a single measurement, and 2)
the number of samples that can be analyzed in a defined period of time. The multiplex capability
of mass spectrometry based platforms to quantitatively detect multiple candidate peptides in a
complex sample is substantial and has been well demonstrated in different sample types and
with different mass spectrometric protocols. It is practically feasible that more than 100
candidates could be simultaneously detected with absolute quantification in a single mass
spectrometric measurement. However, the duration of each of such analysis is realistically
limited by the time required for the chromatographic separation of the peptides prior to mass
spectrometric analysis. For the ESI based MRM platform, a short LC gradient (75 minute total
time) has been successfully used to analyze more than 50 candidate peptides in depleted plasma
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without sacrificing the required multiple measurements across each peak 64. In addition, it has
been demonstrated that time scheduling acquisition can significantly expand the number of
MRM measurements in a single LC/MS run 53,60.

The LC MALDI based platform takes a different approach in operation for targeted analysis,
in which the LC separation and the mass spectrometric analysis is dissociated; in addition,
within the mass spectrometric analysis, the MS and MS/MS analysis can be operated
separately, providing flexibility to perform the MS/MS selectively on targeted peptides. This
in turn could save significant time for high throughput analysis. For MALDI based instruments,
because all the peptides are separated and deposited on a MALDI plate prior to mass
spectrometric interrogation, in-situ acquisition of eluting peptides from LC is no longer
required. Thus, utilization of a high throughput LC protocol that can provide adequate power
of separation for a particular sample complexity is feasible and highly desirable. One important
consideration for optimizing a LC protocol for MALDI spotting is to enhance the separation
and resolution, so that the majority of the peptides can be separated and eluted in a minimal
number of spots on the MALDI plate. Such optimization provides advantages both qualitatively
and quantitatively for MALDI mass spectrometric analysis. It can also be used as a criterion
to evaluate the efficiency of a LC protocol by categorizing the precursor ions detected based
on the number of spots that a precursor ion eluted across. Figure 3 shows the distribution of
precursor ions based on the number of consecutive spots that a precursor ion eluted across to
compare the performance of a high throughput LC protocol (28 minutes) with a conventional
LC protocol (100 minutes) in separation of the same de-glycosylated N-linked peptide mixture
derived from human serum. The overall performance of the two protocols was similar although
the high throughput protocol showed slightly fewer peptides eluted in single spot. In both cases,
about 80% of the precursor ions were eluted within 3 consecutive spots; and the frequency of
precursors presented in each category was comparable, showing a similar trend as the number
of eluting spots increased. The high throughput potential of the LC MALDI TOF/TOF platform
is better exemplified when dealing with a large number of samples for targeted quantitative
analysis, in that sample separation and mass spectrometric analysis can be performed in
parallel.

Quantification of PTMs
PTMs play pivotal roles in many of biological processes because it is the chemical
modifications of key regulatory or structural proteins that dictates the activation state for most
cellular physiological events 103. Many protein activities are modulated by PTMs.
Quantification of PTMs status can provide better understanding of disease mechanisms and
facilitate the discovery of molecular markers that are invaluable for their potential
discriminatory power in molecular classification of disease, which in turn can predict clinical
outcome and response to drugs.

Phosphorylation plays an important role in normal physiological states as well as aberrant
signaling pathways in cancer and other diseases. For example, the phosphorylation status of
protein kinase B/Akt is an important biomarker in predicting the response of gliomas to tyrosine
kinase inhibitors 103. With the recent development of mass spectrometry based quantitative
proteomics technology, precise and absolute quantification of a particular protein
phosphorylation and related kinases is becoming available. Gerber et al reported the first
AQUA study of phosphorylation, in which reference peptides were synthesized to mimic
natural tryptic peptides and phosphopeptides containing a targeted phosphorylation site and
then used as internal standards for absolute phosphorylation quantification 46. The study
quantitatively determined the dynamic changes of the cell cycle-dependent phosphorylation
of Ser-1126 of the human separase protein and identified site-specific phosphorylation of
separase at Ser-1501 in response to an in vitro kinase assay. In a different study by Mayya et
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al, the same AQUA strategy was applied to quantify multi-site phosphorylation status of the
cyclin-dependent kinases (CDKs), which are important regulators of cell cycle transitions and
apoptosis 48. The quantification of the four possible phosphorylated and non-phosphorylated
versions of CDKs (T14p-Y15p, T14p-Y15, T14-Y15p, and T14-Y15) revealed the quantitative
dynamics of the status of the CDK phosphorylation during cell transition and apoptosis. The
same approach could potentially be extended to quantify the status of other PTMs, such as
methylation and acetylation, using synthetic peptides with covalent modifications mimicking
natural PTMs.

Glycosylation is another important common form of PTMs. Most secreted and membrane-
bound proteins produced by mammalian cells contain covalently linked sugar chains.
Abnormal glycosylation of proteins is often involved in tumor progression and metastasis
104-106. This could explain why many of the blood-based tumor markers are glycoproteins.
Thus, the development of a strategy that allows multiplexing absolute quantification of targeted
glycoproteins may be especially useful for biomarker verification and validation. However,
the idea of using synthetic peptides to mimic natural peptides with a specific glycan to quantify
the status of a glycosylation site may not be technically practical because of the structure and
complexity of the sugar chain. A different approach combining the glycoprotein capturing
technique and a targeted mass spectrometric platform was reported to quantify selected N-
linked glycosylation peptides derived from a group of glycoproteins in serum 51 and plasma
53. In the first study, the N-linked glycopeptides were extracted from serum using a solid phase
extraction method based on hydrazide chemistry 98 and de-glycosylated with PNGase F
enzyme. The de-glycosylation resulted in a conversion of asparagine to aspartic acid in the
peptide sequence, introducing a mass difference of 0.984 Da. This phenomenon was utilized
to design a synthetic peptide to mimic the endogenous N-linked glycopeptide in its de-
glycosylation form. The study demonstrated an integrated, highly specific platform for
quantitative analysis of specific N-linked glycopeptides derived from a selected group of serum
glycoproteins using LC MALDI TOF/TOF. Figure 4 shows the detection of 6 reference
peptides as well as the corresponding endogenous de-glycosylated N-linked peptides derived
from serum glycoproteins, demonstrating the effectiveness of detecting selected N-linked
glycoproteins in human serum using the high throughput platform. Notably, a protein
candidate, lumican, which was up-regulated in pancreatic cancer tissue 107, was found
detectable in serum using the platform. Recently, Stahl-Zeng et al applied a similar approach
to quantify a selected group of N-linked glycopeptides in plasma using Triple Q/linear ion trap
instrument with MRM technique 53. The study demonstrated a nanogram/milliliter detection
sensitivity and a dynamic range of accurate quantification over 5 orders of magnitude in
detection of targeted glycoproteins in plasma. It is worthy to note that glycan alternations of
glycoproteins have long been associated with cancer and been widely studied. The study of
glycans itself is a very important field, and technically beyond the coverage and discussion of
this report.

Clinical applications
One of the main goals of developing mass spectrometry based absolute quantification strategies
is for its clinical applications. Targeted analysis has been used to quantify candidate proteins
in plasma or serum, including major plasma proteins 64, intermediate abundance proteins in
serum 94, low abundance proteins in plasma 65, N-linked glycoproteins in serum 51 and plasma
53. Biomarkers and putative marker proteins associated with a variety of diseases have also
been detected in different bodily fluids using mass spectrometry based quantitative methods.
A list of 177 protein candidates associated with cardiovascular diseases and stroke has been
proposed for targeted analysis in plasma 108. Barnidge et al demonstrated the feasibility of
absolute quantification of Prostate-Specific Antigen, a biomarker for prostate cancer, as a
model biomarker in serum 109. Kuhn et al quantified C-reactive protein (CRP), a diagnostic
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marker of rheumatoid arthritis (RA), in serum samples taken from patients with either erosive
or nonerosive RA and compared the results to healthy individuals 69. More recently, Whiteaker
et al applied SISCAPA and mass spectrometry to confirm breast cancer biomarkers using a
mouse model 95. The quantitative study verified osteopontin and fibulin-2 in plasma as
circulating biomarkers for breast cancer, and further suggested osteopontin could be used for
early disease detection in mouse model. Staphylococcus aureus superantigenic toxins are the
causes of several human diseases, including the highly lethal staphylococcal toxic shock
syndrome 110. Currently, there is not a specific immunological assay or diagnostic test
available for staphylococcal toxic shock syndrome because of the structure and sequence
similarity of a variety of staphylococcal enterotoxins 62. Brun et al presented a highly specific,
mass spectrometry based methodology to quantitatively detect the staphylococcal
superantigenic toxins SEA and TSST-1 at a picomolar level in water and nanomolar level in
urine for absolute quantification 62. Kirsch et al reported a study, in which two biomarkers
(IGF-1 and IGFBP-3) of growth hormone abuse were simultaneously detected in serum 68. In
oncology, there is considerable inter-patient variability in toxicity and response to
chemotherapy and this can significantly impact the outcomes of treatment and patient
management. Currently, there is a lack of clinical assays that can prospectively identify the
patients at risk for specific chemotherapy treatments. McKay et al presented an empirically
driven mass spectrometry method to simultaneously monitor a panel of 18 liver-derived
proteins in plasma samples from common colorectal cancer (CRC) patients who were
undergoing chemotherapy 66. Their study suggested that a targeted quantitative mass
spectrometry method can be optimized to produce assays for diagnosis or prognosis, especially
when multiplexing detection is required.

More recently, we evaluated a subset of proteomics identified biomarker candidates of
neurodegenerative diseases, including Alzheimer's disease and Parkinson's disease, in human
CSF using an LC MALDI TOF/TOF platform 72. Lange et al investigated the quantitative
behavior of low abundant virulence factors from cultures of the human pathogen Streptococcus
pyogenes exposed to increasing amounts of plasma 60. Nicol et al quantitatively assessed the
level of a known biomarker -- carcinoembryonic antigen, and a subset of putative biomarker
candidates in sera samples from lung cancer patients 111. In addition to the studies on
biomarker detection in bodily fluids, applications have been reported using other clinical
samples, such as liver tissue specimens 63. Using a stable isotope-labeled intact protein as an
internal standard, Janecki et al precisely quantified the absolute level of an ADH isoenzyme,
ADH1C1, in human liver tissue 63. Some of the recent studies using mass spectrometry based
targeted quantification strategies are summarized in Table 1.

Concluding remarks
The recent development of mass spectrometry based strategies for absolute protein
quantification opens new avenues for a broad range of applications from clinical diagnosis and
prognosis to drug development and personalized medicine. Complementary to the other
existing techniques, the major breakthrough of this technology is highlighted in its capability
of providing a universal approach for developing assays of quantification for a wide spectrum
of proteins with minimum restrictions, and the ease of assembling multiplex detection in a
single measurement. It is conceptually feasible that these new strategies could be applied to
design personalized medicine and treatments in the future. Biomarkers from single or multiple
diseases can also be assembled into a panel providing multiplex diagnosis in a single assay.
The development of absolute quantification techniques should also help researchers with data
standardization and validation of biomarker candidates across different proteomics platforms
and laboratories, a major challenge for current proteomics studies.
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While the prospects of this technology are exciting and promising, it is a long journey to develop
a robust, high throughput multi-functional system that can provide sophisticated function that
we desperately need in clinical diagnosis and therapy. Most of the current mass spectrometry
based platform technologies require a combination of multiple sample preparations, such as
immuno-subtraction, multidimensional LC separation, immunoaffinity and/or solid phase
extraction to enhance the analytical dynamic range and detection sensitivity. These
requirements limit the capability for high throughput. Thus, the major caveat of the current
mass spectrometry based approaches for targeted analysis is the lack of a high throughput
pipeline integrating a highly specific and, ideally, single-step sample preparation strategy.
Nevertheless, the development of mass spectrometry based techniques has already provided a
complementary platform, in which a surging number of novel protein biomarker candidates
for a variety of different diseases can potentially be verified and validated before a significant
effort of time and resources is invested for assay development and pre-clinical testing. As a
technology that is quickly evolving it is anticipated that many of the current technical
limitations may be transient. The development of a quantitative detection technology that
provides high specificity and sensitivity, multiplexing, absolute quantification and PTM
monitoring should provide us a powerful tool for a broad range of applications and greatly
enhance our effort in developing better medicine.
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Figure 1.
General description of mass spectrometry based targeted quantitative strategy. The approach
consists of three major components: generation of stable isotope labeled peptides/proteins as
references for the corresponding targeted protein; an effective sample preparation protocol to
reduce sample complexity and enrich the targeted surrogates; a data-driven highly specific
mass spectrometry platform for candidate-based analysis. More details of each aspect will be
discussed in the following sections.
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Figure 2.
A summary of some sample preparation strategies and their overall detection sensitivity for
targeted protein analysis in plasma or serum.
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Figure 3.
The evaluation of the performance of a high throughput LC protocol for a LC MADLI TOF/
TOF based platform. The precursor ions detected were categorized based on the number of
consecutive spots that a precursor ion was eluted across. The high throughput LC protocol
showed similar behavior with the conventional protocol in terms of the distribution of the
precursor ions.
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Figure 4.
The detection of a subset of candidate N-linked glycopeptides in serum using an LC MALDI
TOF/TOF based platform for targeted quantitative analysis. The targeted endogenous peptides
were unambiguously identified within a complex background and can be quantified using the
corresponding synthetic reference peptides. (Note: # indicates the amino acid that was stable
isotope labeled (13C and 15N) in reference peptides; * indicates enzyme-catalyzed conversion
of asparagine to aspartic acid at the site of carbohydrate attachment.)
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Table 1
Summary of some recent studies using mass spectrometry-based targeted protein quantification

Specimen Quantitative study Sample preparation MS platform Reference

plasma Major human plasma proteins Immunodepletion LC ESI Triple Q / MRM 64

Low abundance human plasma
proteins

Immunodepletion+SCX LC ESI Triple Q / MRM 65

Selected N-glycoproteins in
human plasma

N-Glycopeptide enrichment LC ESI Triple Q / MRM 53

Liver-derived proteins in
human plasma

Immunodepletion LC ESI Triple Q / MRM 66

Biomarker candidates in
mouse model of breast cancer

Immunodepletion+SISCAPA LC ESI Triple Q / MRM 95

Serum Selected N-glycoproteins in
human serum

N-Glycopeptide enrichment LC MALDI TOF/TOF 51

Protein markers of lung cancer
in human serum

Immunoprecipitation LC ESI Triple Q / MRM 111

Growth hormone biomarkers
in human serum

LC ESI Triple Q / MRM 68

C-reactive protein for
rheumatoid arthritis in human
serum

Immunodepletion+size
exclusion chromatography
(SEC)

LC ESI Triple Q / MRM 69

Intermediate abundance
proteins in human serum

Immunodepletion LC ESI single Q 94

Prostate-Specific Antigen in
human serum

SCX LC ESI Triple Q / SRM 109

CSF Biomarker candidates of
Alzheimer's disease and
Parkinson's disease

SCX LC MALDI TOF/TOF 72

Urine Staphylo coccus aureus
superantigenic toxins

1D gel LC ESI Q/TOF 62

Tissue Biomarker candidates in
mouse model of breast cancer

LC ESI Triple Q / MRM 95

Human liver alcohol
dehydrogenase ADH1C1
isoenzyme

LC ESI Triple Q / MRM 63

Selected proteins of
Postsynaptic Density from rat
brain

1D gel LC ESI ion trap / SRM 73

Cell lysate Yeast proteins involved in gene
silencing, cell cycle-dependent
phosphorylation of Ser-1126 of
human separase protein

1D gel LC ESI ion trap / SRM 46

Cyclin-dependent kinases Immunoprecipitation LC ESI ion trap / SRM 48

virulence factors of the gram-
positive bacterium
Streptococcus pyogenes

Isoelectric focusing LC ESI Triple Q / MRM 60

Biomarker of Candida
albicans

SCX LCMALDI Triple Q /
MRM

77

J Proteome Res. Author manuscript; available in PMC 2010 February 6.


