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mass spectra, commonly generated by collisional activation, are 
recorded and used to determine the amino acid sequence of the selected 
peptides. Finally, the proteins present in the sample are inferred from 
the ensemble of identified peptides. In the most common implementa-
tion of the method, the precursor ions are selected automatically from 
the ions detected in a survey scan immediately preceding the ion selec-
tion, a process referred to as data-dependent analysis (DDA). When 
combined with an appropriate stable-isotope labeling strategy, these 
protein identification methods also permit relative (involving compari-
son to a reference sample) or absolute quantification of the identified 
proteins2,4. The various methods differ in the requirements for sample 
preparation, the extent of sample fractionation and the level (protein 
or peptide) at which fractionation is performed, the type of mass spec-
trometer used and their needs in data processing tools5. Most common 
implementations rely on electrospray ionization directly coupled to an 
instrument for liquid chromatography. However, alternative or comple-
mentary methods based on matrix-assisted laser desorption ioniza-
tion (MALDI) have also been proposed6,7. MALDI enables repetitive, 
sequential interrogation of the same sample.

Multiple incremental improvements at each level of this fundamental 
process have substantially increased the number of proteins typically 
identified in proteomic studies, the confidence with which fragment-
ion spectra resulting from collision-activated dissociation (CAD) are 
assigned to peptide sequences and the confidence with which protein 
identities are inferred. Overall, liquid chromatography tandem mass 
spectrometry (LC-MS/MS) with DDA is now a robust and powerful 
technology to detect and quantify proteins and their post-translational 
modifications, as exemplified by some recent large-scale studies8–10. 
As outlined elsewhere in this issue11, however, the perpetual de novo 
discovery of the proteome or fractions thereof in every proteomic study 
may not be the most suitable and effective strategy to interface pro-
teomics with biological research. 

First, even though the fraction of the proteome identified in dis-
covery proteomic studies has increased over time, the analysis of the 
complete proteome of even moderately complex cells remains chal-
lenging, expensive and slow. Second, the heuristics based on signal 
intensity used for the precursor-ion selection in DDA MS result in an 
irreproducible and incomplete sampling of the peptide mixture gen-
erated to represent the proteome. Consequently, different subsets of 
the proteome are identified and quantified after repeated analyses of 
identical or substantially similar samples. Therefore, partially overlap-
ping proteome data sets are generated even when the parameters for 
measurement are carefully controlled12,13. Third, in each discovery 
experiment that is focused on a specific biological question (e.g., the 
proteomic changes induced by the stimulation of a cell sample with a 

The vast majority of proteomic studies to date have relied on 
mass spectrometric techniques to identify, and in some cases 
quantify, peptides that have been generated by proteolysis. 
Current approaches differ in the types of instrument used, their 
performance profiles, the manner in which they interface with 
biological research strategies, and their reliance on and use 
of prior information. Here, we consider the three main mass 
spectrometry (MS)-based proteomic approaches used today: 
shotgun (or discovery), directed and targeted strategies. We 
discuss the principles of each technique, their strengths and 
weaknesses and the dependence of their performance profiles on 
the composition of the biological sample. Our goal is to provide 
a rational framework for selecting strategies optimally suited to 
address the specific research issue under consideration. 

The proteome is more than the mere translation of the protein-coding 
regions of a genome. Processes such as alternative splicing, protein 
processing and post-translational modification are key to providing the 
full complexity of life. Moreover, because the abundances of proteins 
are often of great biological significance, these must often be tightly 
controlled1. Although the ultimate goal of proteomics is to both identify 
and quantify the full complement of proteins and their variants in any 
cell type under conditions of interest, neither the composition of a pro-
teome nor the quantity of its constituents can be reliably predicted by 
computation or determined by experimentation. Nonetheless, several 
proteomic strategies now effectively support a range of strategies for 
biological experimentation.

Owing to limited availability and accessibility of suitable reagents, the 
majority of proteins in any species cannot be detected and quantified by 
affinity-based assays. Therefore, essentially all proteomic studies have 
used mass spectrometric discovery techniques, which are now capable 
of unambiguously identifying and quantifying thousands of protein 
components of complex samples (see reviews by B.D and R.A. and 
others; refs. 2,3). Of the several such discovery methods that have been 
developed, all involve digesting the protein sample into peptides, typi-
cally by trypsin, and then fractionating the resulting peptide mixture 
before it is subjected to mass spectrometric analysis. MS involves ion-
izing the peptides and selecting specific precursor ions from the pool 
of detected peptide ions for fragmentation. The resulting product-ion  
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from the ensemble of fragment-ion masses. The quantity of a peptide 
is determined from the signal intensity of the precursor ion, most 
commonly by comparing this to the signal intensity of an isotopically 
labeled reference peptide of identical sequence. The MS steps in this 
technique are preceded by sample preparation protocols (that gener-
ate suitable protein samples, proteolyze the proteins into peptides and 
separate the peptide samples) and followed by post-acquisition data 
processing and analysis.

Over the past decade, three main MS-based strategies have emerged, 
which we subsequently refer to as shotgun (or discovery), directed 
and targeted proteomic strategies. These are distinguished by the 
way in which the individual steps are performed and connected. The 
shotgun (discovery) approach has been the most widely used method 
and has generated the vast majority of proteomic data available today. 
Directed and targeted MS methods, which are still emerging, support 
proteomic strategies in which prior information is used to define sets 
of peptides or proteins to be analyzed selectively. We next describe 
the principles of each method. 

Shotgun (or discovery) proteomics
The hallmark of the shotgun proteomic method is the selection of 
peptide ions detected in a particular sample and their fragmentation 
by simple heuristics, based on signal intensity. The principles and 
information pertinent to the technique are summarized in Box 1 (see 
also Fig. 2) and some of its potential pitfalls are discussed elsewhere 
(R.A. and others17). In a shotgun experiment, the masses (more pre-
cisely, m/z) of the ions produced in the ion source at a particular 
time are recorded to generate a mass spectrum, often referred to as a 
survey scan. The mass spectrometer then automatically selects one of 
the detected peptide ions, called a precursor ion, isolates it, subjects 
it to fragmentation by CAD and records the resulting fragment-ion 
mass spectrum. This process is called product-ion scanning. Because 
a cycle that comprises a survey scan and a product-ion scan is fast 
(~100 ms) compared with the chromatographic elution time of a par-
ticular peptide (~30 s), and because many precursor ions are typically 

particular drug), a large number of proteins with no relevance to the 
particular question are identified and quantified. Conversely, some of 
the relevant proteins are missed. Consequently, a model of the studied 
biological process has to be assembled from data sets that are noisy, 
incomplete and contain large amounts of irrelevant data. Moreover, the 
absence of a protein from the list of identified proteins does not indi-
cate the absence of the protein from the sample. This complicates the 
comparison of lists of proteins identified in different studies. Fourth, 
no prior information on the system studied is used to design the experi-
ment, even when it is being conducted in an area with the benefit of 
vast amounts of prior biological knowledge. Finally, there is a large 
discrepancy between the size and quality of reported proteomic data 
sets. Whereas a few highly specialized laboratories now routinely and 
reliably identify thousands of proteins per study8–10,14, a more repre-
sentative selection of proteomic laboratories identified the components 
of a sample consisting of 20 equimolar proteins only with considerable 
difficulty and after optimization of their methods15.

In light of these challenges, we have argued that proteomics will 
make a larger and more immediate impact on progress in biology if 
reproducible and quantitatively accurate data can be generated for all 
the proteins that constitute a particular system or process (R.A. and 
colleagues16). In such a scenario, sets of proteins are defined from prior 
biological knowledge and then identified and quantified by targeted MS 
to generate complete, accurate and reproducible data sets that represent 
the whole system studied under different conditions. Such a proteomic 
strategy supports the standard way of biological inquiry, where spe-
cific hypotheses (proposed explanations for observable phenomena) 
are generated from the available knowledge and then tested. In con-
temporary proteomics, the hypothesis is almost invariably that unique 
and tight regulation of a group of proteins underlies the function or 
process of interest. 

Recent years have witnessed the emergence of several MS-based 
methods that advance such targeted proteomic strategies. The consis-
tent and reproducible detection of complete sets of proteins in multiple 
samples and their accurate quantification is important for a wide range 
of biological studies. In particular, this applies 
to biomarker research and systems biology, 
where quantitative data of a system in multiple 
perturbed states are critical for the mathemati-
cal modeling of the process in question.

Three MS strategies
The generic overall process by which peptides 
are identified and quantified in MS-based 
proteomics follows the sequence of events 
indicated in the core section of Figure 1. First, 
the ionized peptides present in the sample 
solution are transferred into the gas phase, 
most commonly using the (nano)electrospray 
technique. Alternatively, peptides deposited 
on a solid surface are ionized by MALDI. 
Second, the mass-to-charge ratio (m/z) of 
the generated peptide ions (precursor ions) 
is measured, and the mass of the peptide is 
determined implicitly. Third, selected precur-
sor ions are isolated sequentially in the gas 
phase. Fourth, the selected precursor ions 
are fragmented, most commonly through 
CAD. Fifth, fragment-ion masses are ana-
lyzed and recorded as product-ion spectra. 
From these, the peptide sequence is inferred 
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Figure 1  Workflow of a typical proteomic experiment. Proteins are digested to produce a complex 
mixture of peptides, which are separated by HPLC before analysis by MS. The overall process consists 
of a number of steps, specifically the ionization of the peptides, acquisition of a full spectrum (survey 
scan) and selection of specific precursor ions to be fragmented, fragmentation, and acquisition of MS/
MS spectra (product-ion spectra). The data are processed to either quantify the different species and/or 
determine the peptide amino acid sequence through a database search.
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Discovery or shotgun proteomics is 
a universally and successfully used 
proteomic method that is used almost 
exclusively in a configuration in which 
an LC system is connected online to a 
tandem mass spectrometer operated in 
electrospray ionization mode (LC-MS/
MS; Fig. 2). Less frequently, LC systems 
are used offline to deposit samples on a 
sample plate for analysis by a MALDI-MS 
(LC-MALDI-MS). In LC-MS/MS the 
peptide components present in the 
sample are separated by reversed phase 
liquid chromatography and analyzed by 
MS in the full-scan and MS/MS modes. 
The method is uniquely suited for the 
identification of the protein components 
of samples, including their post-
translational modifications. If used with 
stable isotope-based labeling, it is also 
suitable for protein quantification. 

Instrumentation. The most common 
instrument types used are ion trap, 
hybrid quadrupole/TOF and hybrid ion-
trap/orbitrap mass spectrometers. Most 
modern tandem mass spectrometers are 
compatible with the method, although 
their respective performances vary considerably.

Workflow. A proteolytic digest of the protein sample is analyzed 
by LC-MS/MS while the mass spectrometer is operated in DDA 
mode. In this mode, the system continuously acquires series 
of survey scans (MS1 mode) and a set of subordinated MS/MS 
scans, generating fragment-ion spectra of selected peptide ions. 
These fragment-ion spectra, combined with information on the 
precursor ions, are then analyzed to determine the amino acid 
sequence of the fragmented peptides, and to infer the proteins 
from which the peptides originate.

Survey scan. The survey scan is critical in a shotgun experiment. 
It detects the peptide ions that are selected on the fly for CAD, 
using a simple heuristic method. Typically, a subset of three to 
eight ions per survey scan is selected for fragmentation. The 
resolution and mass accuracy achieved in the survey scans 
affect the subsequent database search to assign the amino acid 
sequences to the generated fragment-ion spectra. The capacities 
of the FT-ICR, orbitrap and recently developed QTOF instruments 
for accurate mass measurement have considerably increased the 
confidence with which peptides can be identified.

MS/MS mode. Most experiments are performed using CAD. Two 
parameters affect the quality of MS/MS spectra, and thus the 
results of a shotgun measurement. The first is the mass window 
used for precursor-ion selection, that is, purity of the signal 
for sequencing. Typically, a broad window of 2–3 Th ensures 
sufficient sensitivity. The second is the analyzer performance in 
the MS/MS mode. Spectra obtained using ion-trap instruments 
are typically of low resolution and have limited mass accuracy 
(>0.1 Da), whereas TOF mass spectrometers and the orbitrap 
instruments provide high mass accuracy measurements for 

fragment ions. This facilitates the assignment of sequences to 
the spectra. Accurate mass determination of the precursor ion 
adds a discriminating constraint in sequence database searching.

Selection of precursor. Precursor-ion selection is performed 
automatically by the spectrometer on the fly, based on the 
information detected in the survey scan.

Quantification. Quantification is coupled to protein 
identification. Because quantification is performed on the 
‘sparse’ survey scan, data precision is limited.

Informatics. All data processing and data analysis occurs 
after the completion of the mass spectrometric analysis. 
The tasks of assigning the correct peptide sequence to each 
acquired fragment-ion spectrum and of inferring the correct 
set of proteins represented by the identified peptides is 
computationally challenging and represents a large overhead, 
especially considering the volume of data acquired during 
shotgun experiments. This issue and the computational tools 
developed to address it have been reviewed recently4,5.

Applications. The method is often used qualitatively, aiming 
at identifying large sets of proteins in complex samples. More 
recently, it has been used for differential quantification of the 
identified proteins. It is almost exclusively applied for discovery 
experiments. Because no prior knowledge is required, the 
method is ideally suited for open discovery experiments. The 
main limitation is its bias in the precursor selection process 
toward the more abundant component present in the sample, in 
particular for samples of very high complexity where the number 
of analytes exceeds the peak capacity of the LC-MS analytical 
system. It results in an irreproducible replication of the DDA 
experiment, as simple heuristics sample a different pool of 
peptides in each experiment11,12.

Box 1  Principles of shotgun (or discovery) proteomics
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Figure 2  Workflow of a discovery proteomic experiment. The peptide mixture is separated 
by HPLC and analyzed by MS in full-scan mode. Using simple data-dependent acquisition 
heuristics based on signal intensity, peptide ions are selected for fragmentation and dissociated 
by collisional activation. The resulting MS/MS spectra permit determination of the amino acid 
sequence of the fragmented peptide. The intensity of the precursor-ion signal in the survey 
scan is used for quantification. The insert indicates the different modes of acquisition; either 
sequential MS and MS/MS analysis as performed using a quadrupole/time-of-flight instrument 
(A), or parallel analysis as performed on a linear ion trap/orbitrap mass spectrometer (B).
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instruments permit data acquisition at a rate of a fraction of a second, 
enabling thousands of fragment-ion spectra to be collected during a 
typical reversed phase LC-MS/MS experiment. Although impressive, 

detected in a survey scan, one survey scan can be followed by several 
product-ion scans. The instrument selects the specific precursor ions 
of each fragment-ion spectrum on the fly by DDA. State-of-the-art 

This method contrasts with the shotgun strategy in that protein 
identification (based on fragment-ion spectra) and protein 
quantification (based on survey scans) are decoupled and performed 
in two distinct experiments (Fig. 3). In fact, the two steps happen 
in the reverse order, and unlike shotgun proteomics, each sample 
is analyzed twice. A variant of directed sequencing, termed AIMS 
(accurate inclusion mass screening22), has been proposed to 
expedite the qualification of candidates and overcome some of the 
limits on an uncontrolled discovery experiment. LC-MALDI–based 
strategies also have the capability of performing inclusion list–driven 
peptide identification.

Instrumentation. This type of experiment is typically performed 
on high performance instruments, such as QTOF or LIT-OT 
instruments, to leverage their high mass resolution and mass 
accuracy capabilities.

Workflow. A directed MS experiment includes at least two LC-MS 
or LC-MS/MS analyses. The first is focused primarily on collecting 
survey scans, which are processed offline, to detect the features that 
will be selected for the inclusion list. This step creates an inventory 
of all detected peptide ions. This information is then used to design 
a second measurement of the same sample that aims at sequencing 
the analytes of interest, such as those that show differential 
expression between two conditions. The second LC-MS/MS run is 
performed in product-ion mode to generate tandem mass spectra 
used to identify specific targets listed on the inclusion list.

Survey scan. The survey scan remains mandatory in the second 
measurement, because the detection of a signal is required to trigger 
the MS/MS acquisition for an ion that is present in the inclusion list. 
As in the shotgun strategy, the resolution and accuracy of the survey 
scan are critical for the selection of the 
species of interest. The high mass accuracy 
of high-performance mass spectrometers, 
coupled with their low tolerance for the 
detection of the precursor ion needed 
to trigger an MS/MS event, ensure more 
effective exclusion of contaminant species 
that have similar m/z as the target peptide.

MS/MS mode. The MS/MS acquisition is 
performed in data-dependent mode, but the 
precursor mass selection takes into account 
the additional constraints of the inclusion 
list. To trigger a CAD event, an ion has to be 
observed in the survey scan with an intensity 
above a preset threshold, and it has to be 
present in the inclusion list.

Precursor selection. As in a shotgun 
experiment, a broad selection window 
ensures sensitivity. However, accurate 
masses are taken into account for 
the selection of the precursor and for 
database searching.

Quantification. As mentioned above, 
this method provides high quality LC-MS 

data and precise quantification, using the chromatographic 
dimension. The quantification of any analyte present in the 
sample is independent of the sequencing events. Therefore, 
differential analyses can be performed on all detected analytes. 
Even low-intensity signals in noisy survey spectra that would 
not be selected in a shotgun experiment can be detected and 
identified. The method is compatible with stable isotope–based 
and label-free quantification schemes.

Informatics. The database-searching overhead to perform peptide 
identification is substantially reduced as the redundancy of the 
acquired data decreases. There is, however, a large additional cost 
in processing the LC-MS data to detect and inventory all the ions 
and their attributes (mass, charge, elution time and signal intensity), 
and to possibly align and compare data from multiple measurements 
for the selection of the precursor set that constitutes the inclusion 
list. Several commercial and open source software tools for feature 
detection and alignment have recently been developed.

Applications. The method is primarily used in discovery experiments 
with an emphasis on less abundant species. Directed MS/MS 
approaches improve the efficiency of peptide identification in 
complex samples. This strategy has significant advantages over 
a conventional LC-MS/MS experiment in that the bias in favor of 
the most intense signals is partially removed, thus providing a 
deeper penetration into a proteome. In addition, decoupling the 
quantification and the identification steps provides more reliable 
quantitative measurements than can be accomplished in shotgun 
experiments. Triggering an MS/MS acquisition is contingent on 
the presence of signals corresponding to the peptide of interest 
in the survey spectrum. Nonetheless, the inclusion list allows the 
experiment to be tailored toward a specific set of ions.

Box 2  Principles of proteomic strategy based on directed MS
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Figure 3  Workflow of a directed proteomic experiment. The sample is first analyzed in LC-MS mode, 
and the results are analyzed using a suite of bioinformatic tools to quantify the peptides. Typically, 
peptides that are of particular interest (e.g., those that are regulated by comparing multiple samples) 
are included in a list of targets for MS/MS sequencing. In a second step, the sample is reanalyzed to 
sequence exclusively the peptide ions present on the target list. The resulting MS/MS spectra enable 
the amino acid sequence to be determined.
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of each fraction9,10,14. With extensive sample prefractionation and 
the LC-MS/MS analysis of tens to hundreds of fractions per sample, 
the fraction of a proteome identified can be increased, presumably 
along with the reproducibility of the proteome patterns generated. 
These gains are, however, offset by the cost and time required to carry 
out such extensive proteome discovery experiments.

Developments of MS instrumentation and software engineering 
have enabled substantial advances in shotgun proteomics over the 
past decade. Although initially performed on low-resolution ion-trap 
instruments, the technique is now commonly implemented on last-
generation, high-performance, hybrid mass spectrometers (e.g., lin-
ear ion trap orbitrap (LIT-OT) or quadrupole time of flight (Q-TOF) 

this number is small in relation to the number of peptides gener-
ated by tryptic digestion of a proteome. The substantial discrepancy 
between the number of peptides present in a digest of a proteome and 
the analytical capacity of the LC-MS/MS analytical system (that is, 
the number of components that can be separated, detected and iden-
tified) prevents a perfectly reproducible set of peptides from being 
identified in repeat analyses of the same sample. This arises because 
a different subset of the available precursor ions is sampled in each 
subsequent analysis. Proteome coverage and data reproducibility can 
be improved by increasing the fraction of available precursor ions 
selected for CAD. This can be accomplished by repeated analysis of 
the same sample or fractionating the sample for subsequent analysis 

This technique distinguishes itself from 
shotgun or directed MS in that it uses prior 
information to generate validated mass 
spectrometric assays for the detection 
and quantification of predetermined 
analytes in complex samples (Fig. 4). It 
is most frequently implemented on triple 
quadrupole instruments operated in the 
selected reaction monitoring mode (SRM, 
often also called MRM).

Instrumentation. This type of experiment 
is preformed on triple quadruple 
instruments in which the second 
analyzer (third quadrupole) is used in 
nonscanning mode, which concentrates 
the available measurement time on 
the targeted analytes. This signal 
accumulation translates into an improved 
limit of detection.

Workflow. The method is exclusively 
hypothesis driven, that is, it requires a 
priori information at the level of both 
assay design and target selection. For 
each peptide, the m/z of the precursor 
ion, its retention time and a set of high-intensity fragment ions 
unique to the targeted peptide need to be defined, and these 
values constitute a definitive assay for the detection of the targeted 
peptide in any sample. The generation of validated SRM assays 
can be performed at high throughput through the use of synthetic 
peptide libraries34.

Survey scan. No survey scan is performed in this mode.

MS/MS mode. As the SRM method is characterized by the 
measurement of only a few fragment ions of each targeted peptide, 
the second analyzer will ‘jump’ to a set of preset values, rather 
than scan across the entire m/z range. The parameters required 
for each measurement (precursor and fragment-ion m/z values, 
collision energy, elution time, dwell time per transition) have to be 
defined in the analytical method uploaded to the instrument.

Selection of precursor. As the precursor ions are monitored 
by default, regardless of their presence in the sample or their 
detection as a precursor ion, the method is not data dependent. 
Because of its intrinsically improved limit of detection, lower-mass 
selection windows (≥1 Th) can be used. This substantially reduces 
co-eluting interferences, thus increasing the overall selectivity.

Quantification. SRM is the prototypical mass spectrometric 
quantification method, yielding precise measurements, with 
very low coefficients of variation and high reproducibility28. The 
limits of detection and quantification are typically two orders 
of magnitude lower than in conventional LC-MS experiments, 
especially if complex samples are being analyzed.

Informatics. Most of the informatics effort is performed upfront. 
In essence, SRM exploits existing information from the proteomics 
databases, such as specific SRM assays stored in either MRM-
Atlas25, or previous discovery information present in a repository 
such as PeptideAtlas (www.peptideatlas.org/).

Applications. The technique is exclusively hypothesis driven. It is 
focused on the detection and quantification of peptide candidates 
that are explicitly included in the experiment. The identity of the 
analytes relies on the elution time, and sometimes isotopically 
labeled internal standards are used for accurate quantification 
and for gaining confidence in the detected transition traces. 
Developments in instrument-control software that schedule the 
measurement of targeted peptides in predetermined time windows 
allow >1,000 transitions to be analyzed in a single LC-MS 
experiment, without compromising sensitivity25. 
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Box 3  Principles of proteomics based on targeted MS

Figure 4  Workflow of a targeted proteomic experiment. As the experiment is hypothesis-driven, 
it targets a very specific subset of peptides uniquely associated with the proteins of interest.  
An instrument method is built using existing proteomic resources (peptide spectral libraries) 
required for a target analysis and is typically performed using a triple-quadrupole instrument. 
For each peptide, a series of transitions (pairs of precursor and fragment ion m/z values) are 
monitored during a time that specifically corresponds with its predicted elution time. This 
enables hundreds of peptides to be analyzed in a single experiment.
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Targeted proteomics
The hallmark of targeted MS is the detec-
tion of a set of predetermined fragment ions 
from precursor ions that are anticipated, but 
not necessarily detected, in a survey scan. 
Currently, the main implementation of this 
concept is selected reaction monitoring 
(SRM) using triple quadrupole instruments. 
SRM is a quantitatively accurate technique 
that has been well established in small-mol-
ecule MS24. The principles and information 

pertinent to targeted MS are summarized in Box 3 (see also Fig. 4). 
In this approach, the fragment-ion spectrum of the targeted pep-
tide is determined in prior measurements. The precursor-ion mass, 
the charge state, elution time and characteristic high-intensity frag-
ment ions represent a definitive assay for the targeted peptide used to 
detect and quantify the targeted peptide in a sample. The relationship 
between a precursor ion and a specific fragment ion is referred to as a 
transition. Quantification is accomplished by relating the fragment-
ion intensities of the targeted peptide to the corresponding signals of 
isotopically labeled reference peptides of identical sequence. If the 
elution times of the targeted peptides are used as a measurement 
constraint (that is, specific subsets of the targeted peptide are only 
detected in a narrow time window spanning a few minutes around 
their anticipated elution time), several hundred peptides can be tar-
geted in a single LC-MS/MS analysis25.

The precursor ion of the targeted peptide does not need to be explic-
itly detected within the matrix of the sample, and background noise 
is filtered out sequentially at the precursor- and fragment-ion levels. 
These considerations make targeted MS the most sensitive mass spec-
trometric strategy and the one least affected by interference effects 
when analyzing complex samples. The optimal transitions (precur-
sor- and fragment-ion pairs), retention time and collision energy that 
constitute a definitive assay need to be established once for a particular 
instrument type and can then be used perpetually. They can therefore 
be made accessible in public databases26.

Implementation of MS strategies
Each of the three strategies we have described relies on tandem MS. Each 
presents unique characteristics that determine its suitability for tackling 
a specific proteomic or biological research question. The strategies also 
differ in the way the mass spectrometers are used. The types of mass 
spectrometers commonly used in proteomics, along with some of their 
distinctive traits, are summarized in Table 1. The instrument character-
istics pertinent to proteomics are the selectivity of measurement to avoid 
cross-talk from other analytes (resolving power), the linear dynamic 
range, the limits of detection and quantification and the mass accuracy 
(Box 4 and Fig. 5).

Shotgun proteomics depends on the ability of the instrument to 
reliably detect precursor ions in a survey scan, to select an optimal 
set of detected precursor-ion signals for CAD and to generate and 
acquire fragment-ion spectra with ion series sufficient for the unam-
biguous assignment of the correct peptide sequence to the spectrum. 
Additionally, these operations should be carried out at a high cycle 
frequency to maximize the number of peptide identifications, and the 
measurements should have high sensitivity, large dynamic range and 
high mass accuracy. These requirements are best matched by ion trap 
hybrid instruments such as ion trap–Fourier transform ion cyclotron 
resonance (FT-ICR) and ion trap–orbitrap, and Q-TOF instruments, 
respectively. Currently, shotgun proteomic measurements are most 
frequently carried out using LIT-OT instruments.

instruments), resulting in dramatically increased data quality and 
faster rates of data acquisition. Recent studies have demonstrated 
dramatic increases in the proteome coverage achieved and the ability 
to identify large numbers of modified peptides8,9. Furthermore, the 
recent implementation of alternative fragmentation techniques, such 
as electron transfer dissociation18, has further increased the range of 
peptide analytes accessible to mass spectrometric analysis. Specifically, 
large peptides and peptides subject to post-translational modifications 
show favorable electron transfer dissociation fragmentation patterns19. 
Therefore, shotgun proteomics is the method of choice for the a priori 
identification of the protein components of complex samples and the 
characterization of their post-translational modifications.

Directed proteomics
The hallmark of directed MS is the selection and fragmentation of a 
predetermined set of peptide ions detected in a survey scan20–22. The 
principles and information pertinent to directed MS are summarized 
in Box 2 (see also Fig. 3). In this method, the precursor ions that are 
of interest for a particular study (e.g., peptides that are differentially 
expressed between samples) are compiled into a master list, along 
with relevant attributes such as the precursor-ion charge state, m/z 
ratio and retention time. This list is the basis for the generation of one 
or several inclusion lists that are loaded into the computer control-
ling the mass spectrometer to ensure that the instrument exclusively 
selects for CAD those features that are detected in a survey scan 
and are present on the inclusion list. Selection of multiple precur-
sors from a survey scan and tight scheduling of retention times have  
now increased the number of precursors selected in a 60 min or 90 
min LC-MS/MS run to several thousand. Because the generation 
of the master list and its use for measurements are uncoupled in 
time, feature selection can be optimized according to the quality 
of the sample and the biological question at hand. A variant of the 
approach, referred to as LC-MALDI, involves spotting the column 
effluent on the solid surface of a sample plate and then sampling the 
contents of sequential spots by MALDI-MS/MS.

Different types of input data have been used to compile master lists 
(R.A. and colleagues23). They include, for example, prior quantitative 
proteome measurements by differential stable isotope labeling or by 
comparative analysis of LC-MS feature maps generated from differ-
ent samples. Compared with a discovery proteomic experiment using 
DDA, precursor ions of lower abundance can be selected, especially if 
highly complex samples are being analyzed and the identification rate 
is increased. Selection of the same set of precursor ions for fragmen-
tation in repeat analyses of the same or substantially similar samples 
increases reproducibility between data sets. Finally, peptides with 
detectable features, such as distinctive isotopic signatures or mass 
defects, or peptide patterns indicating structurally related peptides 
(e.g., differentially modified peptides) can be detected in LC-MS fea-
ture maps and specifically selected for analysis in subsequent LC-MS/
MS runs driven by inclusion lists.

Table 1  Mass analyzers commonly used in proteomics

Analyzer Implementation Type
Resolving 
power Mass accuracy

Limit of  
detection Dynamic range

Quadrupole TQ-QTOF In-beam 1,000–2,000 Low Very low 4–5

Ion trap IT Trapping 1,000–2,000 Low Very low 2–3

TOF Q-TOF In-beam >25,000 High Low 3

OT/ICR Hybrid Trapping >50,000 Very high Low 3

TQ, triple quadrupole. 
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dynamic range of concentrations spanning four to five orders of magni-
tude, high sensitivity and a relatively small number of analytes detected 
per unit time. To achieve precise quantification, measurements need to 
be performed to ensure that enough data points are acquired over the 
chromatographic elution range of a peptide to reconstruct the chromato-
graphic peak. This limits the number of peptides detected per unit time. 
For instance, at a 2-s cycle time, 100 transitions using a 20-ms dwell time 
for each measurement would be acquired. Presently, the characteristics 
for SRM can be fulfilled only by triple quadrupole mass spectrometers. 
An interesting variant, useful for the development of SRM assays, is 
the capability of acquiring full fragment-ion spectra driven by an SRM 
transition25. An advantage of quadrupole/linear ion trap instruments 

The main difference between shotgun and directed sequencing 
experiments is the method used to select precursor ions detected in 
survey scans for CAD. Although this process is instrument driven, it is 
controlled by a time-constrained inclusion list in the directed method 
and is no longer intensity-dependent. Therefore, shotgun and directed 
sequencing differ at the level of instrument control rather than at the 
level of the instrument type, and the same considerations related to 
instrument performance and characteristics apply to both methods.

Targeted experiments, which are based on SRM (Box 4), depend on 
the effective and sequential filtering of noise at the precursor-ion and 
fragment-ion level, which increases the signal-to-noise ratio and there-
fore the limit of detection. Targeted strategies are characterized by a 

When conducting any proteomics experiment, several factors 
are key to the characterization of MS measurements. These are 
summarized in Figure 5 and described below.

Selectivity. The selectivity of a method is its ability to discriminate 
and quantify a particular analyte in a mixture or matrix without 
interferences from the other components. The reliability of 
measurements depends on the selectivity of the analytical device. 
An increased selectivity is achieved by analyzers with higher 
resolving power, which separate near-isobaric ionic species and 
determine their respective accurate mass. High selectivity is 
particularly critical in the LC-MS analysis of complex mixtures, in 
which multiple components co-elute from the column. Analyzers 
such as FT-ICR, orbitrap or the last-generation TOF analyzers 
present high-resolution capabilities and thus increased selectivity. 
Alternatively, the selectivity of quantitative analyses can be improved 
by using a second level of mass selection, as in the SRM mode.

Limit of detection (LOD). The intrinsic LOD of an instrument 
or a method, which is often incorrectly called the sensitivity, 
is defined as the minimal quantity of an analyte that can be 
confidently detected. The related term, limit of quantification 
(LOQ), is defined as the minimal amount of an analyte that can 
be confidently quantified (Box 5). The instrument LOD is usually 
specified by measuring the components of a simple mixture or 
individual analytes in dilution series. In such samples, the chemical 
background is minimal. The limit of detection and dynamic range, 
which are pertinent in the context of complex biological samples, are 
modulated by the background and the interferences associated with 
it. The components of a complex sample will affect the detected 
signal-to-noise ratio and may affect the ionization efficiency through 
suppression effects. Under the conditions encountered when using 
biological samples, the chemical background is significant and poor 
signal-to-noise ratios are observed for analytes present at very low 
concentrations. Although state-of-the-art instruments have LODs 
and LOQs for single compounds or simple mixtures in the low amol 
range, matrix and ion-suppression effects considerably reduce the 
practical ability to detect species of low abundance in complex 
samples, especially in cases in which the respective precursor-ion 
signal needs to be detected in a survey scan. Thus, the sample 
preparation (that is, reduction of the sample complexity) cannot be 
dissociated from the entire analytical protocol.

Dynamic range. The dynamic range of an instrument denotes the 
range between the highest signal and the lowest amount of an 
analyte detected in a single analysis. Often, the linear range of 
the response is also specified. The dynamic range is determined 

by performing dilution series of specific analytes, either by 
themselves, or added to a matrix. The highest dynamic range is 
currently obtained on in-beam instruments such as quadrupoles, 
where ions are continuously monitored. Sample overloading is 
possible in such instruments. This leads to saturation of the 
major components, whereas minor species emerge from the 
background. In-beam systems are often preferred for quantitative 
analyses over trapping devices. Matrix and ion suppression effects 
occur if multiple components eluting concurrently from the high-
performance (HP)LC column are ionized together. As mentioned 
above, complexity of the samples and chemical background affect 
the dynamic range, in particular for trapping devices.

Data density. The data density is defined as the number of 
measurements acquired during one experiment. In a conventional 
shotgun experiment, the value indicates the number of MS/MS 
sequencing events. In a targeted experiment, it reflects the number 
of peptides analyzed, including multiple measurements for each 
peptide. Obviously, the volume of data acquired is closely related 
to the sensitivity and the acquisition rate of the instrument.

Repeatability. The repeatability of a measurement refers to the 
ability of the method to generate identical results if identical 
test samples are processed with the same procedure under the 
same conditions (instrument settings, operator, apparatus and 
laboratory) within a short interval of time.

Reproducibility. The reproducibility of a method refers to the 
ability to replicate the measurement accurately by someone 
else working independently, that is, the ability to generate 
identical results obtained with the same method on identical 
test material, but under different conditions (different operators, 
different apparatus, different laboratories and/or after different 
intervals of time).

Box 4  Key considerations when planning quantitative proteomics experiments

SelectivityData density
and

effectiveness Dynamic range

Limit of
detection

Reproducibility

Repeatability

Figure 5  A representation of the desired characteristics of a proteomic 
experiment. The actual performances for each of the approaches can be 
compared visually by representing the individual characteristics on each of 
the six axes (Fig. 6).
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proteins. This also reduces the yield of newly identified peptides and 
proteins and limits the repeatability of the results from replicate analy-
ses of identical or substantially similar samples, especially for proteins 
of lower abundance. 

Another striking feature of the performance profile for shotgun 
proteomics is the strong dependence of most parameters on sample 
complexity. In particular, the limit of detection, the dynamic range and 
sample reproducibility—three of the most critical parameters for pro-
teome analysis—are negatively affected by increasing sample complexity. 
These considerations significantly affect the experimental strategy of 
shotgun proteomics, especially when repeat analyses of substantially 
similar samples are being analyzed, as is the case, for example, in clinical, 
time-series or dose-response studies.

In conclusion, the shotgun proteomic strategy has a unique potential to 
discover new proteins and to determine relative protein abundance of pro-
teins identified in different samples. However, the extensive or complete 
analysis of complex samples, such as those representing whole proteomes, 
comes at a very high cost in measurement and computational time. 
Moreover, the performance of the method may vary substantially between 
samples. Therefore, the shotgun strategy is most frequently applied in 
cases when samples of unknown composition are being analyzed to 
identify the largest number of proteins possible; shotgun proteomics is a 
uniquely powerful method to generate protein inventories. If combined 
with stable isotope labeling, shotgun proteomics is also commonly used 
for quantitative comparison of related subsets of the proteins in complex 
samples. The factors discussed above limit the number of samples that can 

is that they can be operated alternatively in triple quadrupole and LIT 
operating mode to acquire MS/MS spectra.

In summary, proteomics researchers have yet to develop the ideal 
universal mass spectrometer for proteomics. The type of experiment 
performed and the method chosen for data acquisition determine the 
optimal type of instrument for each application. Moreover, every instru-
ment and data acquisition mode presents a series of compromises that 
affects the performance of a given proteomic strategy.

Performance profiles of the three strategies
There is currently no single method capable of routinely identifying and 
quantifying all the components of a proteome. Each method is therefore 
a compromise that maximizes the performance at some levels, while 
reducing it at others. For example, in a SRM-based targeting experiment, 
the recorded signal-to-noise ratio is related to the dwell time (that is, the 
time the spectrometer takes to record the signal of a given transition). 
The lower limit of detection achieved by longer dwell times negatively 
affects the number of transitions and therefore the number of peptides 
that can be analyzed during a time segment. Similarly, an increase of 
the resolving power of a quadrupole mass analyzer reduces sensitivity. 
As another example, in quantitative shotgun proteomics in trapping 
instruments, the limit of detection for precursor ions and therefore the 
quantitative accuracy achieved, depends on the trapping time. Longer 
trapping times improve the limit of detection but reduce the number of 
different analytes measured per unit time. Furthermore, many of the 
performance characteristics depend on the source of the sample and 
its complexity. For example, the shotgun and directed MS methods, 
where the precursor ion has to be explicitly detected in a matrix of back-
ground ions before selection for CAD, are more strongly affected by 
background noise than the targeted methods where the precursor ion 
does not need to be explicitly detected. A comprehensive discussion 
of the benefits and trade-offs of each strategy is beyond the scope of 
this account. We therefore summarize the trade-offs inherent to each 
method with respect to the main factors characterizing proteomic mea-
surements: selectivity, dynamic range, limit of detection, repeatability, 
reproducibility, data density and effectiveness. These terms are defined 
in Box 4 and the performance characteristics of each method are sum-
marized in Figure 6. The above discussion of a few of the trade-offs that 
apply to proteomic measurements already suggests that there is no single 
best implementation of a particular strategy. The performance profiles 
discussed below therefore apply to implementation parameters that are 
commonly applied in proteomics.

Performance profile of shotgun proteomics
Shotgun MS typically involves using a hybrid mass spectrometer with a 
fast cycle time to analyze complex sample mixtures comprising poten-
tially hundreds of thousands of peptides with abundances that span up to 
ten orders of magnitude. The combination of intensity-based heuristics 
for precursor-ion selection, limited cycle speed, high sample complexity 
and lack of input of prior data for precursor selection contribute to the 
performance profile indicated in Figure 6a.

The high acquisition frequency (1–10 Hz range) of modern spec-
trometers ensures that shotgun measurements produce a high data den-
sity (Box 4). Even so, extensive proteome coverage can be achieved only 
if the samples are fractionated before MS analysis and the individual 
fractions are sequentially analyzed. This is because the precursors are 
selected based on their signal intensity, and, even in the fastest available 
instruments, the number of precursors in a proteome digest exceeds the 
number of sequencing events available in a LC-MS/MS run. Multiple, 
repeated selection of the same precursor in the same or sequential frac-
tions results in the redundant identification of the same peptides and 

Selectivitya

b

c

Low High

Low High

Repeatability

Reproducibility

Data density and
effectiveness

Limit of
detection

Dynamic range

Selectivity Low High

Repeatability

Reproducibility

Data density and
effectiveness

Limit of
detection

Dynamic range

Selectivity

Repeatability

Reproducibility

Data density and
effectiveness

Limit of
detection

Dynamic range

Figure 6  Performance profiles of the shotgun or discovery (a), directed (b) 
and targeted (c) proteomic methods. The characteristics are defined and 
discussed in Box 4. The terms ‘high’ and ‘low’ refer to sample complexity.
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A wide range of typical applications of directed MS has been discussed 
recently23. They include the directed measurement and quantification 
of proteins that are of different abundance across samples, the directed 
measurement of modified peptides and the analysis of protein biomarkers 
in clinical samples. Because identical sets of peptides can be measured in 
multiple samples with a high degree of repeatability, the method used in 
the context of predefined peptide lists is well suited to generate reproduc-
ible, quantitative data sets.

Performance profile of targeted proteomics
Much like directed MS, the targeted method also depends on lists of 
peptides deemed important for detection and quantification in a sample 
based on prior information. However, in contrast to directed sequenc-
ing, the targeted precursor ions are not detected in a survey scan and a 
full fragment-ion spectrum of the selected precursor is not generated. 
Instead, the targeted precursor is selected ‘blindly’ in an anticipated 
chromatographic time window, and the only signals detected are frag-
ment ions that are derived from the targeted peptide (transitions). In the 
targeted method, an initial effort is required to determine the optimum 
fragmentation conditions and, thus, generate optimized assays for each 
peptide. However, the benefits of this one-time investment are apparent 
from the performance profile of the method (Fig. 6c). 

Several important features are readily apparent. First, the targeted 
method is less affected by sample complexity and background, as noise 
signals are filtered out both at the precursor level by a narrow (<1 Da) 
mass-selection window and at the fragment-ion level, where the tar-
geted precursor and background ions are expected to lead to distinct 
fragment ions for detection and quantification. Second, of the available 
mass spectrometric methods, the targeted method has the lowest limit of 
detection and the widest dynamic range, especially for complex samples. 
This is a result of the nonscanning nature of fragment-ion signal acquisi-
tion, which allows the integration of the respective signal over extended 
periods (dwell time). Third, repeatability and reproducibility are excel-
lent because of the nonredundant, targeted data acquisition29. Finally, 
the data density is lower than that of the shotgun or directed methods 
because of the increased time needed to measure each peptide to lower 
the limit of detection.

In targeted MS, accurate quantification is achievable by any of the 
commonly used stable isotope labeling techniques4. Of course, no new 
proteins are detected by the targeted method; the approach depends 
substantially on the prior measurement of the targeted proteins by dis-

covery proteomics. This strategy therefore is an 
excellent choice for those studies in which suf-
ficient prior information on a system has been 
acquired, and the types of research question 
have shifted from identifying the full comple-
ment of proteins associated with a process or 
location to issues related to characterizing coor-
dinated changes in the abundances of these pro-
teins. Targeted MS will therefore likely become 
a key technology to test biological hypotheses, 
reproducibly generate complete quantitative 
data sets for systems biology or validate bio-
markers by scoring changes in their abundances 
in large set of clinical samples.

Differential and quantitative analyses
The term quantitative proteomics usually refers 
to measuring the changes in the level of abun-
dance of proteins in different samples. Typical 
studies include the quantitative comparison 

be compared, the number of proteins that can be consistently identified 
and quantified in multiple samples and the range of protein abundances 
that can be accommodated. Typical applications of this strategy include the 
quantitative comparison of the proteomes of differentially perturbed cells, 
the comparison of protein extracts from diseased and healthy tissues and 
the analysis of specific subproteomes. More recently, shotgun proteomics 
has been expanded to the systematic analysis of post-translational modi-
fications, specifically protein phosphorylation8,27. The implementation of 
electron transfer dissociation is expected to further advance the potentials 
of discovery-based analyses, especially for modified subproteomes19.

Performance profile of directed proteomics
Shotgun and directed MS measurements are usually performed using 
identical instruments. The two methods are essentially identical, except 
that in directed sequencing, precursor-ion selection no longer follows 
abundance-dependent heuristics, but is instead directed by a time-con-
strained inclusion list that is compiled based on prior information. It is 
apparent from Figure 6b that this seemingly simple difference has sev-
eral important implications for the performance profile of the method. 
First, the high cycle time is maintained but the same precursor ion is 
analyzed with dramatically reduced redundancy (ideally once), even if 
multiple fractions are being analyzed. This significantly increases the 
repeatability and the reproducibility of the method. Second, the control 
of the sequencing events reduces the rate of futile repeated identifica-
tions, and the associated computational overhead for data analysis is 
reduced. Third, because the precursor-ion signal of the selected precur-
sor still needs to be detected, the dynamic range and limit of detection 
of directed MS depend on the sample complexity, albeit less so than in 
shotgun methods. Finally, the overall dependency of the performance 
profile on sample complexity is reduced.

In summary, by virtue of its focus on sequencing only those peptides 
of particular interest, directed MS offers an effective way to character-
ize a proteome. It can also be used in a hypothesis-driven mode involv-
ing identification of a predetermined set of precursor ions in multiple 
samples28. The data sets generated by directed MS are generally of much 
higher information content and lower redundancy than those generated 
by DDA. It can be expected that the recent development of software tools 
to generate optimized inclusion lists will catalyze wider application of 
the method. Directed MS can be used for quantitative measurements in 
conjunction with stable isotope labeling or with label-free quantification, 
whereby peptide quantities are estimated from their precursor-ion current. 
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analyses can in principle be performed using any platform, whereas pre-
cise quantification is routinely performed on triple quadrupole instru-
ments in the targeted mode. The design of quantitative experiments 

of samples from ‘different biological conditions,’ with the underlying 
assumption that the proteins showing different abundance are func-
tionally related to the processes affected by the applied conditions. 
Commonly, comparative studies use isotopic-
labeling approaches such as isotope-coded 
affinity tagging (ICAT), isotope-coded protein 
labeling or stable isotope labeling with amino 
acids in cell culture (SILAC)2,4. All involve 
labeling the peptides in a sample before the 
LC-MS analysis with different reagents or 
labels that are chemically identical but differ in 
their isotope composition. The relative abun-
dance of a specific peptide across the samples 
tested is then computed from the precursor-ion 
signals of the heavy and light forms of the pep-
tide, respectively. It should be noted that other 
quantification methods, based on isobaric 
tagging reagents, or tandem mass tags, exem-
plified by isobaric tagging for relative and abso-
lute quantification (iTRAQ)30, are also used 
for quantitative proteomics. In these methods, 
the determination of the relative abundance of 
peptides is performed on reporter fragment 
ions measured in the MS/MS mode. In such 
studies, four to eight samples are compared and 
analyzed concurrently.

Such relative abundance measurements, 
often also erroneously referred to as being 
semiquantitative, contrast with the definition 
of quantification used in analytical chemis-
try. This denotes the precise determination of 
the concentration of specific analytes present 
in the sample with a coefficient of variation 
typically <20%. Such measurements require 
calibrants (internal standards) and have to be 
performed in the linear dynamic range of the 
analytical system25. Quantification performed 
by mass spectrometric techniques is usually 
performed by stable isotope dilution, that 
is, by adding the analyte of interest in which 
some stable isotopes have been incorporated. 
Internal standards, prepared by incorporation 
of stable isotopes, such as 13C, 15N and 18O, are 
most commonly used in proteomics. The use 
of deuterium is less desirable as it changes the 
peptides’ physicochemical properties such that 
the corresponding heavy and light compounds 
no longer co-elute under reversed phase condi-
tions. Dilution series of a limited number of 
the reference compounds are usually measured 
to ensure that measurements are performed 
within the linear dynamic range.

Differential analysis and precise quantifi-
cation differ in their scope, the experimental 
design and the platform used for such studies. 
Whereas comparative studies often deal with a 
limited number of samples (typically no more 
than a dozen), quantitative studies may include 
hundred of samples. Quantitative analysis thus 
requires a rugged high-throughput platform 
to generate reproducible data sets. Differential 

Box 5  Limit of detection and dynamic range

The limit of detection is defined, in a 
first approximation, as three times the 
signal-to-noise ratio. Correspondingly, the 
limit of quantification (LOQ) is defined as 
nine times the signal-to-noise ratio. The 
LOD/LOQ value of a measurement and its 
dynamic range are ultimately determined 
by the nature and the complexity of the 
analyzed sample (Fig. 8).

Although it is relatively straightforward 
to detect low concentrations of peptides in 
simple mixtures (not taking into account 
possible losses during the sample handling 
and the HPLC separation), the LOD of the 
same peptide in very complex samples 
is considerably higher, often by several 
orders of magnitude. The main factor for 
this apparent sample dependency of the 
achieved limit of detection is the low ratio 
of analyte to the total amount of peptide. 
It results in the co-elution of chemically 
similar species which, in turn, can cause ion 
suppression during the ionization process.

In addition, some mass analyzers, more 
specifically the trapping devices, show a 
decreased signal if the analyte in question 
is in a complex sample compared to 
the signal recorded if the same nominal 
amount of a pure analyte is injected. This is 
due to the limited total number of ions that 
can be stored in the trap without affecting 
its performance by space charging. In pure 
samples, a large fraction of the available 
ion capacity is occupied by the ion in 
question, whereas in complex samples 
the majority of the available ion capacity 
can be occupied by ions representing 
background signals.

In contrast, in-beam analyzers such as 
quadrupoles can handle large ion fluxes. 
Even if the most abundant components 
saturate the detector and can no longer 
be quantified accurately, low abundance 
species can be detected as long as their 
signal exceeds the signal-to-noise ratio of 
the background. These dependencies are 
schematically illustrated in Figure 8.

25

20

15

10

5

0

15

10

5

0

0

5

10

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

100

80

60

40

20

0

Low

Low

High

High

a

e

b

f

c

g

d

c = 100 u

c = 50 u

c = 10 u c = 2 u

S/N 10:1

S/N 2:1

Figure 8  Effect of background on the detection 
of a peptide mixture in various concentrations 
(arbitrary units). (a) In-beam, no background; (b) 
low/moderate background; (c) high background; 
(d) increased amount of sample loaded; (e) 
trapping instrument, no background; (f) moderate; (g) high background; note the changes in the 
ordinate as ion counts decrease. c, concentration; u, arbitrary units; S/N, signal-to-noise; the x and y 
axes correspond to m/z values and signal intensities, respectively.

perspecti  ve
©

 2
01

0 
N

at
u

re
 A

m
er

ic
a,

 In
c.

  A
ll 

ri
g

h
ts

 r
es

er
ve

d
.



720	 volume 28   number 7   JULY 2010   nature biotechnology

a discovery mode, whereby the differentially 
abundant peptides can be detected first and 
sequenced second, typically in sequential 
LC-MS runs. This simple reversal of steps 
compared to the shotgun method has pro-
found implications: the available sequencing 
cycles can be focused on the differentially 
abundant peptides and wider array of com-
parative quantification strategies can be used 
to initially identify differentially abundant 
analytes that are then subsequently sub-
jected to directed MS/MS sequencing. The 
directed approach is also compatible with 
accurate quantification by means of stable 

isotope dilution, using isotopically labeled reference compounds. 
Quantification is based on the comparison of the precursor-ion cur-
rents of the heavy and light forms of the analytes, and quantitative 
accuracy might be compromised by contaminant signals interfering 
with either or both isotopic forms. The potential for such interfer-
ences increases with increasing sample complexity.

In addition, apart from the differential isotope labeling methods 
commonly used for shotgun comparative studies, differentially abun-
dant peptides are also frequently detected by comparative precursor-
ion pattern analysis without isotope labeling5,23. In such cases, also 
referred to as label-free quantification, the different samples are ana-
lyzed sequentially under rigorously controlled instrument conditions. 
The signal intensity of each of the peptides is then used to assess the 
amount present in each sample. If advanced software tools for pattern 
comparison are used, the precursor-ion patterns of many samples can 
be overlaid, compared and statistically analyzed for the selection of the 
most significant differentially abundant species. There are underly-
ing assumptions or approximations in this approach that, if violated, 
impinge on the precision of the measurements. More specifically, it is 
assumed that the response factor is not affected by the ‘micro-environ-
ment’; in other words, ionization suppression or enhancement effects 
are negligible. Furthermore, the amount of material injected in each 
experiment has to be carefully controlled, or a correction factor has to 
be applied after the analyses.

Quantification in targeted proteomics
Targeted proteomics can be used for comparative quantitative analysis 
or for accurate, absolute quantification of the targeted peptides. Owing 
to its exquisite selectivity and very low limit of detection, SRM has 
de facto become the reference method for quantification in complex 
samples. As discussed above, quantitative, targeted MS is most fre-
quently used in studies in which the same, predefined set of proteins 
is quantified in multiple samples. Accurate quantification depends on 
the addition of isotope-labeled reference molecules to the samples31–33. 
In a proteomic experiment, internal standards can be added at vari-
ous stages, from the crude protein isolate such as cell lysate or plasma 
sample to the fractionated peptide sample immediately before injection 
into the LC-MS system (Fig. 9). By adding the reference samples at the 
step closest to the origin of the biological sample, results of higher preci-
sion are generated because progressive losses and variability induced 
by sample processing are compensated for.

Conclusions
The development and commercialization of better mass spectrometer 
software tools for data analysis have driven tremendous advances in 
proteomics over the past decade. This progress has translated into 
larger and more reliable data sets, mostly generated using the shotgun  

needs to consider the sample preparation and the mass spectrometric 
measurements. A detailed discussion of the different isotope labeling 
methods is beyond the scope of this account and can be found else-
where4. Overall, quantification is based on the first principle claiming 
a direct relationship between signal measured and amount of analyte 
present in a sample (Signal = F × Amount, where F is the response factor 
specific to each analyte).

Quantification in shotgun proteomics
Historically, shotgun proteomics has focused on identifying a large set 
of peptides and proteins. In this method, only precursor signals assigned 
to a sequence are quantified, it has generally been used less frequently 
for protein quantification than for protein identification. Consequently, 
in such measurements, the majority of the data acquisition time is spent 
on analytes of unchanged abundance that are likely of no relevance 
to the biological question of the study. The focus has been on detect-
ing relative changes in the concentrations of peptides (and indirectly 
the associated proteins) across samples. Such experiments, by analogy 
to genomics arrays, typically focus on changes of at least twofold and 
usually analyze all signals observed in an LC-MS  experiment. The 
objective of such measurements is to maximize the number of sample 
components measured. Because relative changes are of primary inter-
est, the precision of measurements becomes of secondary importance. 
There is an obvious trade-off between the comprehensiveness and the 
precision of the measurements. 

Differential shotgun proteomics is a typical discovery technology. 
In addition to the technical limitations discussed above, the user is 
routinely faced with the problem of assigning biological significance 
and meaning to hundreds of proteins whose abundance is regulated. In 
principle, such comparative analyses can be performed on any platform 
capable of LC-MS analysis. However, the overall analytical precision 
depends heavily on the choice of the instruments and the characteris-
tics of the analyzer in terms of resolving power, mass accuracy, limit of 
detection and dynamic range. For instance, ion-trap instruments com-
monly used in qualitative proteomics experiments have limited resolv-
ing power and dynamic range. Other platforms with increased resolving 
power or dynamic range might be more suited for such experiments 
(Table 1). Furthermore, as illustrated in Figure 7, the biochemical 
background inherent to complex samples greatly affects performance. 
Moreover, the lower limits of detection or quantification are signifi-
cantly compromised in complex samples (Box 5 and Fig. 8). 

Quantification in directed proteomics
In contrast to shotgun proteomics, which is used exclusively as a 
discovery method and where only the identified analytes are subject 
to comparative quantification, the directed MS method offers an 
interesting range of strategic possibilities. The method can be used in 

Fractionation Digestion

Sample Protein
fraction

Peptide
digest

LC-MS
quantification

Labeled
proteins

Labeled
concatenate
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Figure 9  Isotopically labeled internal standards can be added at various stages in quantitative proteomics 
experiments. Full-length reference proteins are added at the beginning of analyses, concatenated peptides 
are added prior to digestion and synthetic reference peptides are added prior to the LC-MS analysis.
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(or discovery) approach. Concurrently, new proteomic strategies 
have emerged that are accurately quantitative, support rigorous test-
ing of biological hypotheses and show improved reproducibility. The 
advent of these new strategies has been primarily driven by the need 
for comprehensive and reproducible data sets for applications such 
as biomarker validation or modeling processes of interest to systems 
biologists. In either case, large sets of peptides (used as surrogate for 
the proteins of interest) have to be analyzed precisely and reliably in 
each of many samples in the study.

Like any other analytical process, the three proteomic strategies dis-
cussed above have limitations that set the boundaries of their respec-
tive performance and define the biological or biomedical research 
questions that best match the performance profile of each method. 
It can be expected that the emergence of approaches, such as directed 
and targeted MS, which are built on the use of often vast amounts of 
prior knowledge, will increase the impact of proteomics in biomedical 
research. These techniques will increasingly augment more common 
types of experimentation, especially as they provide the capacity of 
generating data sets that can be compared across studies and labora-
tories29, and because quantitative proteomics data are generated with 
unprecedented sensitivity, accuracy and reproducibility.
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