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Mass spectrometry, specifically the analysis of complex peptide mixtures by liquid chromatography
and tandem mass spectrometry (shotgun proteomics) has been at the center of proteomics research
for the last decade. To overcome some of the fundamental limitations of the approach, including its
limited sensitivity and high degree of redundancy, new proteomics workflows are being developed.
Among these, targeting methods in which specific peptides are selectively isolated, identified and
quantified are particularly promising. Here we summarize recent incremental advances in shotgun
proteomics methods and outline emerging targeted workflows. The development of the target driven
approaches with their ability to detect and quantify identical, non-redundant sets of proteins in
multiple repeat analyses will be critically important for the application of proteomics to biomarker
discovery and validation, and to systems biology research.

Incremental improvements of non targeted mass spectrometry based
proteomics
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For the last few years shotgun tandem mass spectrometry has been the most popular and widely
used method in proteomics. In this method, complex protein mixtures are digested to peptides,
usually using trypsin as the protease, and the resulting peptides are fractionated by one, two or
three dimensional separation and analyzed by tandem mass spectrometry [1,2]. Optionally,
stable isotope signatures are introduced into proteins or peptides to allow quantitatively
accurate comparisons of samples [3–6]. Over the last years incremental improvements have
increased the reproducibility of peptide separation, the speed and accuracy of data collection
and the confidence of inferring the sequence of peptides and proteins from the fragment ion
spectra. Figure 1 illustrates the general workflow and indicates significant recent technical
advances that are further described in the following sections.
Advances in sample preparation
To improve on the resolution achievable by the classical two-dimensional (cation exchange/
reversed-phase) chromatography peptide separation, iso-electric focusing techniques in gels
and in solution have been described [7–10]. Since the pI of peptides can be accurately calculated
from the amino acid sequence of a peptide, the pI information obtained by such experiments
has also proven beneficial for the correct assignment of fragment ion spectra to peptide
sequences (see below). It can be expected that with the development of instruments supporting
robust [7,10] and preferentially multiplexed peptide IEF separations [8] these methods will
gain in importance in proteomics research. The development of highly reproducible capillary
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chromatography methods using particle or monolithic columns [11,12] and columns
manufactured on chips [13] have also greatly increased the data quality, especially in cases in
which multiple repeat analyses are being performed in a single study.
The development of strategies for quantitative analysis by stable isotope labeling has
accelerated over the last few years. Multiple chemical, enzymatic or biosynthetic labeling
strategies have been described that support the collection of quantitative protein data on a large
scale [3–6]. In addition to measuring changes in protein abundance in protein samples the same
quantitative methods or variations thereof are increasingly being used to distinguish groups of
proteins of interest from background proteins, e.g. for the analysis of protein complexes [14–
16] or organelles [17–20]
Advances in data acquisition
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The quality of the spectra acquired and the pace of data acquisition in shotgun proteomics
experiments determine the depth at which a proteome can be analyzed and the level of
confidence with which fragment ion spectra can be assigned to peptide sequences. Over the
last few years different types of mass spectrometers providing high mass resolution and
accuracy have been developed. These include the TOF-TOF [21] Q-TOF [22] FT-ICR mass
spectrometers [23–25] and orbitrap mass spectrometers [26] and the performance of these
instruments in proteomics research was recently reviewed by Domon and Aebersold 2006
[27]. The impact of these high performance mass spectrometers was documented in a series of
manuscripts in which a variety of samples, including the urinary and tear fluid proteome, were
analyzed in great depth [28–30]. and in which these results were discussed [30]. Furthermore,
it has been documented that the ionization methods electrospray ionization (ESI) and matrix
assisted laser desorption (MALDI) ionize different but overlapping segments of the observable
proteome [31–33]. Therefore, the combination of different types of mass analyzers and ion
sources have contributed to more extensive proteome coverage compared to that achievable
by a single method.
Advances in data processing and analysis
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Sequence database search tools such as Sequest [34] and Mascot [35] that assign a peptide
sequence to a fragment ion spectrum have been commercially available and in wide use for
more than a decade. In recent years a number of open source database search tools have also
become available [36–39]. In addition, tools and strategies have been developed to assess the
reliability of each peptide identification and for 3 the assessment of the overall false positive
or false negative error rates in large datasets. These include probabilistic models such as
PeptideProphet [40] and the searching of reverse or scrambled sequence databases to estimate
the false positive rate in an experiment [41–43]. Increasingly, proteomics journals require
detailed documentation of the applied search strategies and error rate estimates to assure the
quality of published proteomics data [44]. Tools and methods to estimate the false positive rate
of peptide identification and tools to infer protein identifications from the list of correctly
identified peptides [45–48] are therefore expected to find widespread application.
Collectively the incremental improvements of the shotgun approaches listed above have
increased the speed of the data collection and ensured the collection of high confidence data,
allowing increasingly more comprehensive analysis to be undertaken. A main goal of
proteomics, the identification of complete proteomes has, however, remained unachieved.
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Despite the recent advances discussed above and the success of the current state of the art
shotgun approach a number of principal limitations have become apparent that seem difficult
to overcome with incremental technical improvements. These include the following:
Extreme redundancy of shotgun MS/MS datasets
The detailed analysis of single large datasets or aggregates of datasets generated from
substantially similar samples have shown that the most highly expressed proteins are identified
multiple (up to thousands) of times at the cost of identifying proteins of interest expressed at
lower levels of abundance [49,50]. While the improved separation methods described above
alleviate the problem, they may not be, by themselves, sufficient to completely overcome it,
due to the extreme complexity of the proteome.
Under sampling
As a consequence of data acquisition redundancy and sample complexity, the peptides present
in proteomic samples are usually under sampled, i.e. only a fraction of the peptides detectable
by a mass spectrometer are in fact identified. Repeat analyses of the same or similar biological
samples therefore show limited overlap of identified proteins making sample to sample
comparison difficult.
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Sample complexity
The presence of the large number of semi-tryptic or non-tryptic peptides in samples generated
for proteomic analyses (Picotti et al submitted) greatly increases the complexity of the samples,
further complicating the complete analysis of proteomes.
Saturation
The analysis of very large data sets generated by combining the results of multiple studies on
the same organism, e.g. yeast [51], have shown a saturation effect in which the discovery rate
of new proteins per fragment ion spectrum added to the data set decreases. As the level of
saturation is well below the complete proteome, the discovery of new proteins beyond the level
of saturation will require the use of improved or orthogonal separation schema prior to mass
spectrometry. Of course, additional fractionation steps increase the time consumed for a single
proteomic study.

NIH-PA Author Manuscript

Based on these fundamental limitations of the shotgun approach, it appears that the in spite of
recent incremental improvements the goal of rapid, complete and quantitative proteome
analysis will remain elusive.

Targeted driven quantitative proteomics
The sequencing of the human genome and the resulting (almost complete) genome and
transcript maps have catalyzed the development of high throughput assays for probing
transcript expression patterns, protein:DNA interactions and other genomic features. Similar
developments are also emerging in proteomics where the collection of many (thousands) of
data sets have led collectively to extensive proteome maps of a number of species and sample
types [49]. As in genomics, such maps then form the basis for the development of high
throughput proteomic assays in which defined sub proteomes and eventually whole proteomes
are quickly and robustly identified and quantified by targeted mass spectrometric analyses
[52,53]. In these targeted approaches the mass spectrometer is trained on the analysis of
proteotypic peptides [53] i.e. those peptides that are observable by mass spectrometry and
uniquely identify a protein, thus largely eliminating the redundancy inherent in shotgun
Curr Opin Biotechnol. Author manuscript; available in PMC 2008 August 1.

Malmström et al.

Page 4

NIH-PA Author Manuscript

proteomics. Such targeted approaches are becoming possible due to advances in
instrumentation and bioinformatics and the availability of extensive and reliable proteome
maps such as PeptideAtlas. An example of the steps required for a targeted proteomics is
outlined in Figure 2 and the individual steps are discussed below.
Protein and peptide selection for targeted approaches
A targeted proteomics experiment starts from a list of proteins of interest. From these proteins
the target peptides need to be determined. Since there are large differences in the propensity
of peptides to be identified by mass spectrometry, careful selection of the target peptides is
necessary. Target peptides should be preferentially observable and uniquely identify one
protein or protein isoform and should ideally not contain amino acids which are easily modified
such as methionine. Complications in the selection of suitable target peptides are illustrated in
Figure 3 where the association of experimentally identified peptides with their parent protein
(s) is shown. There are two ways to select proteotypic target peptides, experimental and
computational.
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Experimental—Upon assembling aggregates of data sets and aligning the peptides with high
probability of being correct to the genomic sequence, an atlas of the detectable and expressed
proteome could be assembled into a Peptide Atlas [49]. As of today several of these atlases
exist from the most common model organisms and more are being produced, and several
additional repositories for proteomics data and other databases resources have recently been
described (see Table 1 for examples) [51,54–58]. This data can be mined to select proteotypic
peptides of the targeted proteins, along with the representative fragment ion spectra and
chromatographic coordinates.
Computational—The above described resources are used to derive empirically observed
proteotypic peptides for targeted proteomics. However, such resources are at present not
available for all species with sequenced genomes nor are they available for all proteins in
genomes where peptide collection repositories exist. Therefore computational approaches have
been developed to select prototypic peptides from proteins that have not been previously
observed [33,59]. Lu et al described an approach that involves the training of a classifier to
estimate the number of unique peptides expected from a given protein and to incorporate
information on the repeated sampling of spectra from each protein in a shotgun proteomics
experiment [59,60]. Mallick and colleagues empirically identified 16,000 proteotypic peptides
for more than 4000 yeast proteins starting from 600,000 peptide identifications [33].
Characteristic properties of these peptides were then used to develop a computational tool that
can predict proteotypic peptides for any given organism and instrument platform.

NIH-PA Author Manuscript

Multiple reaction monitoring (MRM) and data analysis
MRM is a highly selective, highly sensitive tandem mass spectrometry method carried out on
triple quadrupole type mass spectrometers that has been used extensively, e.g. for drug
metabolism studies. Increasingly, the method is now also being applied to protein analysis and
proteomics [61]. This trend has been accelerated by recent instrumentation developments such
as the hybrid quadrupole-linear ion trap mass spectrometer [62]. Knowing the mass and
structure of the analyte molecule, is it possible to predict the precursor m/z and fragments m/
z (MRM transition). Each targeted peptide has a set of accompanying transitions which are
then selectively detected in the second stage of the mass spectrometer [61,63]. The emerging
targeted proteomics workflow thus consists of the selection of proteins to be assayed, the
selection of proteotypic peptides from these proteins, the selection of suitable transitions and
their measurement. Using the expected elution times of the target peptides as constraints in the
MRM experiment, we have shown that in a single LC-MS/MS experiment in excess of 600
transitions can be measured. Since in this approach the mass spectrometer only detects the
Curr Opin Biotechnol. Author manuscript; available in PMC 2008 August 1.
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proteins of interest it can be successfully applied even if the proteins of interest are present
within a large background of other proteins [64]. The sensitivity of this approach can be further
increased if it is combined with the enrichment of the target peptides using affinity reagent in
a method referred to as SISCAPA [65].

Conclusion
Recent incremental improvements of shotgun mass spectrometry based proteomics technology
have resulted in increased speed and quality of data collection. However, in spite of these
advances a number of principle limitations remain. Therefore, new proteomics approaches are
being developed that include, as a very promising approach, targeted mass spectrometry, where
selected targets are specifically identified and quantified. This emerging targeting workflow
consists of the selection of target proteins, the selection of proteotypic peptides that uniquely
represent the target protein and the identification of fragment ions that are used to score the
abundance level of the target proteins. The ability of the targeting approaches to identify and
quantify non-redundant completely overlapping data sets is expected to have a strong impact
on biomarker discovery and validation and systems biology research
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Figure 1. Shotgun proteomic and incremental improvements

In shotgun based mass spectrometry approaches the first step is to prepare the sample of interest
by if necessary enriching for proteins of interest and introducing stable isotope labels, digest
the proteins into peptides, to separate the sample into even parts suitable for mass spectrometry
analysis and to perform necessary clean up steps. The second step involves the mass
spectrometry analysis of the peptide fractions and the last two steps involve the data analysis,
including peptide verification and protein identification. In each of these steps have there been
incremental improvements listed in the white boxes.
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Figure 2. Target driven analysis
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Targeted driven approaches starts with a list of proteins. Once a list of candidate proteins have
been assembled, either from the literature, from specific biological knowledge or from other
sources, the next step is to select a subset of proteotypic peptides which can be used for scoring
the abundance level of the proteins. From the peptide list specific fragments m/z (MRM
transition) which can be used as product ions in the second stage of the mass spectrometer in
the target driven analysis
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Figure 3. Example of peptide to protein ambiguity

Peptide nodes are represented by small triangles; those with thick borders map only to a single
protein and are candidate peptides for a targeted approach. Protein nodes are represented by
large circles and their border color is mapped to the assigned ProteinProphet probability, with
weight=0.0 represented by dashed lines. Sequence-identical peptides (e.g. spectra that were
identified to different charge states or modified versions of the same peptide sequence) are
joined by thin black edges. Entry #587f is identified by 21 peptides (8 unique sequences) with
high probabilities, and entry #163 is identified by one additional non-shared peptide. All
peptide weights are thus set to 0.0 for entry #587f, resulting in protein probabilities of 0.0 and
1.0, respectively.
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Resource
Peptide atlas
GPM
SBEAMS
PRIDE

Url
http://www.peptideatlas.org/
http://www.thegpm.org/
http://www.sbeams.org/
http://www.ebi.ac.uk/pride/
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